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ABSTRACT
Sorption and Desorption of Selenium 
from Cement Formulations
by
Elizabeth Ann Johnson
Dr. Mark J. Rudin, Examination C omm ittee Chair 
Associate Professor o f Health Physics 
University o f Nevada, Las Vegas
Twenty-seven cementitious formulations containing three levels o f water/solids 
(45%, 50%, 55%), three weight percentages o f silica fume (0%, 10%, 20%), and three 
weight percentages of clay (0%, 3%, 5%) were evaluated for their ability to effectively 
sorb selenium at three pH levels (5.9, 8.7, 12.4). A Type V Portland cement was utilized. 
Distribution coefficients (Kd values) determined for each cement formulation ranged from 
250 -1600 L kg"\ Findings suggest that increased water/solids ratios tend to maximize 
selenium sorption vdiile adding silica fume or 5% clay appears to decrease sorption. A  
sorption/desorption study was conducted on cementitious formulations containing three 
levels o f  w/s ratios (45%, 50%, 55%) and three weight percentages o f clay (0%, 3%, 5%) 
at several concentrations o f selenium (6.5 ppb, 26 ppb, 53 ppb, 126 ppb, 784 ppb, 1510 
ppb) with sodium selenite added to vary the concentrations as needed. Freundhch 
isotherms fitted to the data indicate irreversible sorption by selenium.
m
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CHAPTER 1 
INTRODUCTION
1.1 History o f  Selenium in Cement Systems 
Little sorption data exists for selenium in cement systems (Bradbury and Sarott
1995). A literature review conducted during this research for selenium sorption, 
specifically on Type V cement, foiled to identify studies describing sorption behavior. A 
number o f sorption databases described in the literature estimated distribution constants 
for selenium in European cements. However, they do not reflect data acquired from 
experimentation. These data sets are derived from conputer models Wiich predict how 
selenium would most likely behave under anticipated redox conditions (Nancarrow et aL 
1988; McKinley and SchoMs 1993; Bradbury and Sarott 1995).
Interest in cementation of selenium-bearing waste was expressed by Nevada Test 
Site (NTS) scientists when they initiated, treatability studies on a waste stream containing 
elevated levels o f  selenium between October 1995 and January 1996. Cementation was 
considered a more cost effective waste option than vitrification o f the waste. The intent 
was to convert the selenium waste from a shiny to a concrete, Wrfle chemically 
immobilizing the selenium and thereby preventing leaching (NTS 1996).
Rudin (1996) performed independent work iu support o f  the NTS efforts in order 
to gain insight into the effectiveness of selenium immobilization by cement. Rudin (1996) 
evaluated leachabilhy trends in 27 different cement formulations with varying water/solids
1
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ratios, sSica fume content, and clay content. Results o f the study indicated that low 
water/solids ratios, increased levels o f silica fume, and increased levels o f clay decreased 
the permeability o f the cement matrices and thereby decreased the leachability o f selenium.
1.2 Intent of current w ork 
The sorption of selenium in various cement formulations was investigated in this 
study. Quantification of sorption capabilities was determined, and is reported as 
distribution coefficients (Kj values). Desorption of selenium fi*om select cement 
formulations was also investigated. Isotherms determined for various cement formulations 
provide insight into the effectiveness o f the cement formulations in immobilizing selenium 
as selenite. This data can be used to estimate the migration potential o f selenium released 
fiom cement encapsulated wastes.
1.3 Selenium Sources
Natural selenium sources
hi the Western United States, selenium occurs in concentrations o f200 to 300 
ppm in sedimentary uranium and phosphatic vanadium deposits (U.S. DOI 1985). High 
levels o f selenium can be found in overburden materials associated with u ranium deposits 
(Brown 1991). Selenium commonly occurs in sulfide minerals, such as pyrite, or as metal 
selenides (Elrashidi et aL 1989). In addition, carbonaceous materials, such as coal and 
shale (especially fiom the Great Plains region of the United States), contain large 
quantities o f selenium (Adriano 1986).
Anthropogenic Sources of Selenium
The princpal anthropogenic source of selenium exists as a byproduct fiom sulfide 
ore processing, primarily the electrolytic refining of copper (Herring 1991). Coal
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combustion and waste processing fiom  the industrial uses o f selenium increases the 
quantity of selenium in the atmosphere as well as the environment. Coal deposits can 
contain up to eighty times the amount o f selenium found in copper deposits (Herring 
1991). Research has indicated that coal-buming power plants and associated operations 
contribute to the contamination o f  lakes, rivers, and biota (U.S. DOI 1988).
Selenium is used in many commercial products \riiich include photovoltaic devices 
(Le. solar cells or ejqjosure meters), anti-dandruff shanqjoos, animal feed, photocopier 
components, steels, glass pigments, and electrical components contain selenium. Selenium 
is also used in the manufacture o f  rubber, as a chemical process catalyst, and in 
decolorizing glass (U.S. DOI 1985).
1.4 Selenium Toxicity
Human Health Effects
Selenium is an essential dietary trace element for human beings and functions as a 
constituent o f  the enzyme, glutathione peroxidase. This enzyme catalyzes the destruction 
o f  lipid peroxides and works with vitamin E to protect various cellular compounds fiom 
oxidation (Levander 1991; Oldfield 1991). As a result, selenium may have preventative 
roles in cardiovascular disease and cancer.
Selenium deficiencies have been correlated with heart disease, anemia, and certain 
kinds o f cancer, although diets in the United States supply adequate quantities o f selenium 
(Oldfield 1991). Significant sources o f  selenium include seafood, meat, and grains. 
Manifestations o f  selenium poisonings in human s include hair and nail loss, skin lesions, 
nervous system disorders, digestive system disorders, tooth damage, and reproductive 
failure (Whitney et aL 1991).
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fil 1996, the World Health Organization (WHO), the Food and Agriculture 
Organization (FAO), and the International Atomic Energy Agency (IAEA) published a 
monograph which reported requirements for trace elements in human nutrition 
(FAO/IAEA/WHO 1996). Levander (1997) highlighted the selenium requirements from 
the monograph. Levander ( 1997) sum m arized that basal selenium requirements for 
females (18 years o f  age and older) were estimated at 16 fig day'*, while normative 
selenium requirements were determined to be 30 fig day'*. Basal selenium requirements 
for males (18 years o f age and older) were established at 21 fig day'*, while normative 
selenium requirements were estimated at 40 fig day *. The Joint FAO/IAEA/WHO expert 
consultation agreed upon a m axim um  dose o f400 fig day * for adults.
Levander (1994) indicated that selenium toxicological research lacks a sensitive 
and specific biochemical marker o f  selenium overe?q)osure. As such, a biochemical index 
indicating toxic levels of intake has not been established. Growth retardation in animal 
studies appears to be the most sensitive indicator of selenium toxicity. However, this 
phenomenon occurs after toxic levels o f selenium have been incorporated into the body.
Researchers identified physiological factors wdiich influence the degree o f  toxicity 
experienced by an individual Body weight, lean body mass, gender, metabolic activity, 
and overall body surfoce area directly influence the tendency for individuals to manifest 
functional signs o f selenium toxicity (Levander and Morris 1984).
Environmental and Ecosystem finphcations
Concern for selenium as an environmental contaminant relates to its ability to 
move jfrom sediments to biota and its tendency to bioaccumulate in fish and wildlife 
populations. Potential manifestations o f selenium toxicity in fish and wildlife include
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
physical deformities, altered reproductive capabilities, embryonic deformities, and 
mortality (Lemly and Smith 1991). When present in the food chain, selenium can 
potentially become concentrated in higher organisms (Emerick and DeMarco 1991).
Major selenium contamination in the western United States is caused by drainage o f 
seleniferous agricultural irrigation waters into man made wetlands for water fowl 
(Levander 1991).
Selenium uptake by vegetation is governed by the presence o f soluble selenium and 
not by total selenium content in the soil (Emerick and DeMarco 1991). Foraging livestock 
and animals who ingest plants containing significant quantities o f  selenium may experience 
acute or chronic selenium toxicity. Acute selenium poisoning describes a condition which 
occurs immediately following consmrption o f vegetation containing excessive 
concentrations o f selenium. Cattle, horses, and swine experience an altered posture, 
unsteady gait, diarrhea, abdominal pain, increased pulse and respiratory rate, and death. 
The only indicators o f  acute poisoning in sheep are physiological depression and sudden 
death. Chronic symptoms include hair loss, lameness, weight-loss, a reduction in 
reproductive efficiency, difficulty swaUowing, and blindness. Animals have also been 
observed to walk in circles (James et al. 1991).
The production o f selenhun-laden wastewater by industrial and agricultural 
practices contributes to the aquatic cycling o f selenium. The water may be discharged 
directly or indirectly into lakes, rivers, and wetlands by two major sources — agricultural 
irrigation return flows wdiich originate firom high selenium soils and drainage water fiom 
areas used to store and dispose o f ash produced by coal-fired power plants. Dissolved 
selenium in aquatic systems is readily taken up by organisms, and concentrations can reach
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levels toxic to fish and wildlife. Selenium toxichies manifested by fish include reduced 
hatching capabilities, deformities o f larvae, and reproductive failure (Lemly and 
Smith 1991).
1.5 Chemistry o f Selenium
General Chemistry
Selenium is in Group 16 on the Periodic Table with the following elements: 
oxygen, sulfur, tellurium, and polonium. It is generally regarded as a nonmetallic element, 
but its electron configuration ([Ar]3d*°4s^4p'*) places it in a transition zone between 
metallic and nonmetallic character. In elemental form, selenium is considered a volatile 
element due to its low boiling point (~ 684° C) and high vapor pressure ( 100 mmHg 
at 554 °C) (Herring 1991). The stable isotopes o f selenium and their percent abundance 
are presented in Table 1.1.
Selenium typically forms stable compounds in the following oxidation states: 
selenide (-II); elemental selenium (0); selenite (IV) — as HSeOs’* and SeOs'^; and 
selenate(VI) — as Se0 4 ^ . Organo-selenium conpoxmds are also common (Shrift 1973; 
Adriano 1986; Elrashidi et aL 1989). ha freshwater, selenate (Se0 4 ’̂ ) is the dominant 
selenium species (Stumm and Morgan 1996).
The solubility and spéciation o f selenium in the environment depend primarily on 
pH  and Eh conditions (Geering et aL 1968; Ehashidi et al. 1987). To some extent, it also 
depends on the availability o f other ligand and conplex-forming species and can be 
influenced by environmental factors such as pH, tenperature, concentration of the hgands 
present, and the presence o f catalytic surfoces, both abiotic and biotic (Campbell and 
Tessier 1987; Herring 1991).
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Table 1.1. Isotopes o f selenium.*
Stable Percent abundance
'“Se 0.9 %
"®Se 9.0 %
"Se 7.6 %
'®Se 23.5 %
“ Se 49.6 %
^Se 9.4 %
Radioactive Half-life Decay mode
*®Se 27.4 s P+/Electron Capture
"“Se 41.1 m P+
■‘Se 4.7 m P+/Electron Capture
"-Se 8.4 d Electron Capture
"^Se 7.1 h P+/Elecuon Capture
"'Se 119.6 d Electron Capture
"'Se 6 X 10̂  y P-
*‘Se 18.5 m P-
“ Se 22.3 m P-
“ Se 3.3 m P-
“ Se 32 s P-
“ Se 15 s P-
“ Se 5.6 s P-Zneutron
“ Se 1.5 s P-Zneutron
“ Se 0.41 s P-/neutron
“Adapted from Handbook o f Chemistry and Physics, 1995, B-127-B-128.
Figure 1.1 depicts an Eh-pH diagram representing the stability o f various non- 
complexed, inorganic species for selenium. Eh values are given in volts and are related to 
pe, or electron activity, through the following equation: pe = Eh/0.059 (Herring 1991). 
Redox parameters include consideration o f the following two equations: pH  = -log(aH+), 
and pe = -log(ae_), where (ag+) refers to the hydrogen activity in solution and (a^.) refers to 
the electron activity in solution (Manahan 1994). Equilibrium constants used to construct 
the Eh-pH diagram are presented in Table 1.2.
hi general, low pH and Eh conditions favor reduced selenium species. Selenate 
(VI), as SeO^^, is usually found in well-ojq^genated and alkaline conditions with redox 
parameters (pe+pH=I4.5) which seldom exists in acid or neutral soils. Under conditions 
of lower redox parameters (pe+pH = 7.5 to 14.5), selenite (IV) is expected to be the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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HSeOi Se Eh-pH Diagram 
S = 1 0 ‘®M 
Q Common Soil 
Environments
% ®o;
OxidlHgSeOg
H 2 SO
Figure 1.1. Eh-pH diagram representing the stability o f  various non-complexed, 
inorganic species for selenium.
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Acid Reactions PK
HjSeOs H + HSeO] 2.75
HSeOg <-> H + SeOj " 8.5
H2Se04 H + HSeO^ -3.0
HSeO/4->H + S e O / 1.66
HiSe <-> H + HSe 3.89
HSe'-W- H* + Se'^ 15
Half Reactions Potential (Volts)
SeO  ̂ + 4H +2e H^SeO  ̂+ Ĥ O 1.15
S eO / + HjO +2e' SeOj ’ + 20H 0.05
H^SeOj + 4H* +4e' <-> SeO + 3H,0 0.74
SeOg +3H2O 4- 4e Se + 60H -0.37
Se +2H +2e 4 ^  H2Se -0.4
Se +2e"= Se ̂ -0.92
 ̂Adapted from Dean 1992.
predominant selenium species. At pH values less than 7.3, the predominant selenite 
species is HSeOs'^ while at higher pH values it is SeO]  ̂(Elrashidi et aL 1989).
Selenium Species
Selenide favors anoxic conditions (Herring 1991). HSe’ is the major selenide 
species expected to be encountered in solution under anaerobic conditions. H^Se exists 
only in acidic solutions at pH <4 (Brown 1991). Selenium reacts with metals to form 
selenides (Herring 1991). Metal selenides typically demonstrate low solubility (Brown 
1991).
Elemental selenium is insoluble in aqueous systems and is generally considered 
non-toxic to organisms. Toxicity becomes a concern only when elemental selenium is 
converted to a form \\diich is easy to assimilate, such as organoselenium confounds. 
Elemental selenium is considered resistant to oxidation and reduction. It is stable in 
reducing environments but typically does not exist in oxidizing environments. If  elemental
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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selenium is found to exist in oxidizing environments, its presence may indicate sluggish 
reaction kinetics versus environmental stability (Herring 1991).
Selenite commonly exists in soils and overburden environments and is considered 
the predominant mobile form o f selenium in soils o f  humid regions (Adriano 1986; Herring 
1991). However, certain conditions decrease the solubility of selenites, and hence 
environmental availability. If the selenite ion forms complexes in soil with iron, aluminum 
sesquioxides, or clays, it can be rendered biologically unavailable (Hmgston et aL 1968;
Raj an 1979; Balistrieri and Chao 1987 ; Herring 1991). This decreases the availability of 
selenite to plants and therefore, minimizes deleterious environmental implications (Herring 
1991). Regardless, selenite is considered a mobile form of selenium (Adriano 1986). 
Thermodynamically, it predominates in acid and neutral soils with low oxygen content 
(MaylandetaL 1991).
Selenate represents the most soluble, mobile, and therefore, toxic selenium species. 
In general, selenate should predominate in well-aerated conditions in alkaline sods of semi- 
arid regions (Adriano 1986). Since selenate is easily leached from soil, plants readily 
assimilate selenate (Gissel-Nielson and Bisbjerg 1970; Herring 1991). Because of its facile 
biological assimilation, selenate is the species o f greatest environmental concern. Despite 
changes in environmental conditions which favor a reduced selenium species, conversion 
o f selenium is a slow process (Herring 1991).
Selenite and selenate represent the predominant selenium forms in the environment 
at pH  values which approximate experimental conditions of this work. As such, these 
forms only will be considered when discussing sorption and desorption from cement. 
Sorption Models
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Sorption is a generic term which describes the interaction o f  a contaminant, or 
sorbate, with a solid, or sorbent. Adsorption refers to the accumulation o f  a sorbate on a 
solid’s surface, while absorption infers penetration o f a sohd by the sorbate. Adsorption or 
sorption represents the basis o f most surfoce-chemical processes (Stumm and Morgan
1996). Precipitation represents an additional interaction between a sorbate in solution by 
which the sorbate separates from solution. However, precipitation was not considered 
likely in the sorption and sorption/desorption experiments in this thesis research based on 
thermodynamic modeling and the literature review.
The chemical form o f a contaminant, whether it be ionic, polar covalent, or 
nonpolar covalent, affects sorption capacities and sorption mechanisms and hence, 
environmental availability. For example, cations and anions are sorbed by ion exchange 
and surfoce complex formation. The pH and pe of the fluid medium determiues the 
chemical spéciation o f  contaminants and partially determines their mobility (U.S. EPA 
1991).
At low concentrations, the partitioning of a contaminant, such as selenium, 
between solution and solid phases can generally be described in terms o f a distribution 
coefficient, or Kd value. It is defined as a ratio of an equilibrium contaminant 
concentration in the solid phase to the equilibrium concentration o f  the same contaminant 
in solution. The Kd value relates the concentration o f selenium remaiuiag in solution 
(C, ng mL *) to the concentration sorbed by the solid matrices (Q, ng g'*) as follows:
Q =  Kd*C. A high Kd value results in low radionuclide migration velocities relative to the 
velocity of the fluid medium. The Kd values depend on the species and composition o f the 
solution and solid, as well as tengerature.
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Partitioning typically becomes non-linear with increasiag contaminant 
concentrations beyond trace levels due to increased competition by ions for a finite 
number of sorption sites or changing spéciation or activity. Reduced Kd values are also 
observed with an increased concentration o f competitive cations or anions. For instance, 
Neal et aL (1987) found that phosphate competitively inhibits selenite adsorption in two 
alluvial soils firom the San Joaquin Valley but chloride does not (Mayland et aL 1991).
Jfigh initial contaminant concentrations could result in a lowered solution concentration 
due to precipitation, which may in turn lead to obstruction of potential binding sites 
(Relyea et aL 1980). Besides precipitation, the concentration of the contaminant in 
solution can be affected by other foctors, such as mineral formation via the contaminant’s 
reaction with other chemicals in solution (Stumm and Morgan 1996).
Factors which affect mineral formation and precqiitation o f radionuclide 
hydroxides and oxides as well as reversible and non-reversible sorption/desorption 
reactions include the following: pH, temperature, chemical composition o f the solids and 
solutions, ionic strength, particle size, adsorption on suspended particles, radionuclide 
concentration, concentration o f conqilexing ligands, oxidation-reduction potential surface 
area, and cation exchange capacity (Relyea et aL 1980). These influences may limit the 
application of Kd values to the specific conditions under which the Kd values were 
measured.
The Kd value represents one form o f an adsorption isotherm. A Kd value imphes 
that the sorhent and sorbate afSnities are the same or “linear” for all levels o f  the 
contaminant concentration in solid phase. By assuming linearity, the change in 
contaminant concentration in solution yields a proportional change in contaminant sorbed.
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This assumes the presence of an infinité number o f binding sites. Most isotherms appear 
linear at low contaminant concentrations. Beyond trace con tam inant levels, however, 
conqietition between contaminant ions in solution increases thereby decreasing the fraction 
o f contaminant sorbed while total contam inant concentration increases (Miller and Benson 
1983).
An alternative to the linear IQ model is the Langmuir isotherm. It assumes that 
the adsorbate from solution occupies a jGnite number o f sites present on the surface o f a 
solid. It implies that the activities o f surface species are proportional to their 
concentrations. I f  a 1:1 stoichiometry is implied, then: S + A SA, Wiere S = surfoce 
site of adsorbent; A = adsorbate in solution; and SA =  adsorbate on surface sites. This 
isotherm is typically described by the following equation (Stumm and Morgan 1996):
c  . K |[S t ]Cw
'  1 + K ,[c„) ’
where:
Cs = quantity o f sorbate associated with the sorbent (mol kg’*);
Kj = isotherm constant (units o f molarity’*);
St = the total concentration o f surfece sorption sites (units of molarity).
The Langmuir isotherm appears linear at low aqueous concentrations. At higher 
concentrations, a maximum bound contaminant concentration, or saturation of binding 
sites, is approached asymptotically (Stumm and Morgan 1996).
Another sorption model is the Freundlich isotherm. It is an empirical 
representation of a non-linear sorption isotherm between adsorbate and adsorbent. The 
equation describing this model is (Stumm and Morgan 1996):
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Cg - m C ^  (2)
where:
Cs = quantity o f sorbate associated with the sorbent (mol kg'*);
Cw = total chemical concentration o f the sorbate in solution (e.g. mol L *); and
m -  Freundlich constant (determined empirically), and is related to the strength of
the sorptive bond (Adamson 1990);
n = measure o f nonlinearity and is related to the distribution o f the bond strength.
Typically, solids with heterogeneous surface properties follow the Freundlich
pattern. This model may be theoretically derived by considering multiple types of sites and
a log-normal distribution o f the Langmuir constants (Sposho 1984).
Selenium Sorption
Selenium sorption by the functional groups found in such materials as clay, 
aluminum and iron oxides, calcite minerals, and organic matter complexes may be the 
controlling factor in many instances for soluble selenium levels (Ylaranta, 1983; Neal et al. 
1987; Goldberg and Glaubig 1988; Neal and Sposho 1989).
Additionally, the presence o f  cations and anions controls the sorption of selenite 
and selenate. Selenhe and selenate compete with other anions for adsorption shes 
(Mayland et al. 1991). Although the presence of several anions may interfere whh binding 
capabilities of the anion o f interest, the presence o f cations may enhance anion adsorption 
(Batista 1995).
In general, sorption o f both selenhe and selenate decreases whh increasmg pH. 
Elrashidi et aL (1987, 1989) determined equilibrium constants for 83 selenium minerals
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and solution species to detine selenium solubility in soils. The authors generalized that the 
redox potential o f soils controls selenium spéciation in solution.
Research has identified general trends associated with selenite sorption on such 
substances as Ihçerial soil, overburden material, and alluvial soils. Goldberg and Glaubig 
(1988) obtained Inçerial soü tirom the Clay Mineral Society’s Source Clay Repository. 
Imperial soil describes a fine, montmorillonitic calcareous soil In general, the authors 
found selenite sorption activity was greatest at low pH values. As pH increased, a rapid 
reduction in sorption was noted up to intermediate pH values (around 6). Selenite 
sorption reached a plateau beyond this pH  Ahlrichs and Hossner (1987) found that 
selenite sorption on overburden material maximized at a pH level of 3 and decreased with 
increased p H  Neal et a l (1987) found that the maximum selenite sorption on alluvial 
soils tirom the San Joaquin Valley, California, occurred at a pH level o f about 4, with a 
rapid decline in selenite sorption at a pH of 6, and a gradual decline at a pH level o f 9.
Goldberg and Glaubig (1988) found selenite sorption up to a pH range o f 13 on 
Ca-montmorillonite. Sorption was greatest at a pH o f 5, decreasing to a pH o f 11, with a 
subsequent increase in sorption to a pH of 13. Sorption was assumed to occur by ligand 
exchange with reactive surface ahiminol groups at the particle edges for pH values up to 
6. Above pH o f 7, sorption was believed to occur on soü calcite, which is considered very 
reactive towards selenite. This phenomenon was attributed to surface complexation, or 
sorption, by the calcite. Removal o f calcite ti"om materials being studied was associated 
with decreased sorption capabilities at high pH values. In other words, more than one 
mechanism was beheved to be involved in sorption.
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Bar-Yosef and Meek (1987) studied selenite and selenate sorption by Ca-kaolinite. 
Adsorption was suggested to be pH-dependent and occurred on the edges of clay 
particles. Constructed isotherms described a Langmuir shape and sorption decreased 
almost linearly with increasing pH values. The authors found that selenite sorption at any 
given concentration and pH exceeded that of selenate. They found selenite sorption by 
Ca-kaolinite to be a fast process. Based on their results, the authors chose 45 h ±  5 hours 
to be an appropriate equilibration period for selenium by Ca-kaolinite. Beyond this time, 
additional sorption was a slow process.
Barrow and Whelan (1989) altered the pH o f  soils and measured selenite and 
selenate sorption using the fbHowmg background electrolytes: 0.01 M calcium chloride, 
and 0.01 M, 0.1 M, and 1.0 M sodium chloride. Sorption o f both species were found to 
decrease with increasing pH, more so with selenate. hi addition, sorption decreased more 
using sodium chloride than calcium chloride. Ih a study using saturated columns packed 
with overburden from cores acquired from a lignite outcrop in Texas, Ahlrichs and 
Hossner (1987) added sodhun selenate or sodium selenite, adjusted the pH from 2 to 9, 
and leached the columns with 1.5, 10 or 50 pore volumes o f 0.01 M CaClj. They found 
that selenate was mobile at all pH values tested and was completely leached from columns 
with less than 3 pore volumes o f solution. Selenite was rapidly sorbed at all pH values.
Fuji et aL (1988) and Alemi et a l (1988) found that most o f the soluble selenium in 
saturated San Joaquin soils was present as selenate. Most o f the adsorbed selenium was 
selenite.
Selenite can be removed from sorption sites through a variety o f mechanisms, such 
as ligand exchange processes. Ch^-anion compound species can remove selenite from
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most sorption sites. Competition with other species can also displace bound selenite by 
forming inner-sphere complexes with the surfece (Balistrieri and Chao 1987).
Singh et aL (1981) studied the adsorption and desorption o f selenite and selenate 
on five different soils which varied with respect to calcium content, alkalinity, salinity, and 
organic carbon content. In their study, desorption was induced by adding sulfate and 
phosphate as competing anions. Selenite and selenate sorption was found to be highest in 
high organic carbon soü, foüowed by calcareous, n o rmal, saline, and alkaline  sods.
Alkaline soü showed the lowest sorption. This was attributed to the higher solubility of 
selenium being maintained at a high pH. Complete desorption of selenite and selenate was 
not observed when sulfate and phosphate was added, except at the lowest added 
concentrations of selenite and selenate (5 and 10 {amole g'^ soü). Desorption for the 
highest concentrations o f  selenite and selenate by phosphate and sul&te ranged between 
65 and 87.3%. Sul&te and phosphate showed conq)arable ability in n o r m a l ,  calcareous, 
and aUcah soils for displacing selenite. However, phosphate was more effective in 
displacing selenite in organic soü, and sulfate desorbed more selenite in saline soiL In aU 
S0ÜS, phosphate effectively displaced selenate in comparison to s u l f a t e
Ylaranta (1983) studied the sorption of sodium selenate, sodium selenite, and 
phosphate in clay soil, fine sandy soil, and peat. He found phosphate sorption was greater 
than selenite sorption. Selenite sorption (3 X 10“̂  M  solution ofNa 2 SeOs in 0.1 M NaCl) 
was observed to the foUowing extent on clay soü, fine sandy soü, and peat: 77%, 34%, 
and 39%, respectively. Selenate sorption was not observed on the same soils when added 
at either 3 X 10"̂  M or 3 X 10'^ M.
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Selenate has been described as being adsorbed in limited quantities by most 
materials (Ylaranta 1983; Neal and Sposho 1989). Hayes et al. (1987) used X-ray 
absorption spectroscopy to suggest that selenate adsorbs to  exchange sites via outer- 
sphere complex formations with particle surfaces. By maintaining its hydration shell, 
selenate forms a relatively weak sur&ce conq>lex and is held mainly by electrostatic forces. 
This implies that the adsorbed selenate conqround is held by relatively low energy 
interactions and can be readily exchanged for other anions, such as S0 4 *̂ and C f’
(Sposito 1984). hi soils with high pH and low content of oxide minerals, selenium was 
present as mobile selenate which is easily extracted (Chao and Sanzolone 1989).
Hingston et aL (1974) found irreversible selenite desorption from goethhe and 
gibbshe. They attributed these findings to “bridging or multidentate ligand formation and 
to  the formation o f ring structures on the surface”.
Zhang and Sparks (1990) studied selenate and selenite adsorption and desorption 
at the goethite/water interfrce at varied pH values and ionic strengths with NaCl and HCl 
electrolytes at concentrations o f  1.5 X 10'^ M and 2.0 X 10'^ M, respectively. Selenium 
was added as NazSeO^ and Na2 Se0 3 .
The authors found that selenate adsorption occurred primarily under acidic 
conditions with no adsorption occurring higher than a pH o f  7.2. They also concluded 
that adsorption occurred as a result o f outer-sphere surfrce complexes. Selenate 
desorption was found to be rate-limiting; the rate of adsorption was higher than the rate of 
desorption. Total selenite adsorption was found to decrease as pH increased and can be 
described in terms o f conqrlex formation o f XHSeOs® and XSeOs’, where X is a metal 
such as iron. As pH increased, the amount o f XHSeOs° hi suspension decreased sharply
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while the amount o f XSeO^* increased with pH until pH of 8.3 and then decreased as total 
sorption decreased. Adsorpiton of selenite on goethite was described by two types of 
conçlexes. Either the anion HSeOs' or SeOs' reacted with the active site on the goethite 
sur&ce. The proportion o f each complex depends on the pH o f  the solution but both 
interactions involved itmer-sphere surface complexes. The first step in sorption involves 
formation o f an outer-sphere surfece complex with a subsequent ligand exchange 
mechanism by either selenite species. The second step involves formation o f an inner- 
sphere surface complex wiiere the adsorbed selenite binds directly to the sur&ce site. The 
second step is rate limiting (Zhang and Sparks 1990).
Using kinetics as a function o f pH, Zhang and Sparks (1990) proposed the 
following reactions to describe sorption. I f  selenite adsorption occurred as a result of 
outer-sphere sur&ce conçlexes, the following equations were used to describe this 
mechanism:
XOH + + SeOs^ 44- XOHz+ HSeOs , and (3)
XOH + H^ + SeOs^ 44 XOH2 + -SeOs^'. (4)
If  adsorption involved inner-sphere surface complexes, then the following equations were 
applied:
XOH + 2 i r  + SeOs^ 44 XHSe0 3 ° + H 2 O, and (5)
XOH + H+ + Se0 3  ̂ 44 XSeOs + H2 O. (6)
Selenate adsorption was assumed to be nonspecific and involving an outer-sphere surfrce 
conçlex and was described by the following reaction:
XOH + H^ + Se0 4  ̂ 4 4 . XOH2  +-Se0 4  ̂. (7)
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If  an inner sphere mechanism were to be involved (e.g. ligand exchange) then the reaction 
was described as such:
XOH + BT + Se0 4 '̂ 4 4  XSeO^ + HjO. (8 )
XOH describes the neutral surface she on goethhe and XOH2+ describes hs protonated 
form in their experiment.
Bar-Yosef (1987) induced selenate and selenite desorption from Ca-kaolinhe 
assuming three possible mechanisms identified in Sposho (1984). Sorption was studied 
afrer akering the soü pH, introducing oxyanions such as phosphate and sulfate which 
conqiete with selenium for adsorption shes, and evaluating excessive leaching with 
selenium accumulation in solution. Bar-Yosef (1987) found that raising the suspension 
pH from 5.6 to 8.7 caused aU selenium to be present in solution. Reducing the pH  from
5.6 to 3.6 caused selenate to be decreased by a factor of three in solution and resulted in 
selenhe concentrations to be reduced by a factor of two. The addition o f phosphoms 
increased selenhe and selenate concentrations in solution. At a phosphorus to selenium 
molar ratio o f 10, selenium desorption was considered effective. Sulfate was not found to 
influence selenium mobilization and solubilization. FinaUy, desorption by varying the 
solution to clay ratio and düuting the reference suspension resuked in some removal of 
selenium At the highest solution to clay ratio, maximum desorption occurred. A  10% 
reduction in selenhe sorption was observed and a 14% reduction of selenate sorption 
occurred.
Del Debbio (1991) determined distribution coefficients for selenium (as SeOs'^) 
using a batch equilibrium sorption method for alluvium (soü 1 2  m below land sur&ce), 
interbed sediment (35 m below land surfece), and basah (40 m below first interbed). Soü
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sanq)les were ejq>osed to varied concentrations o f selenium in solution using ^^Se as a 
radiotracer. Non-radioactive selenium stock solution was added to vary the initial 
concentration of selenium. Results indicated that Kd values for SeOg^ increased with 
decreases in initial concentrations. Calculated K<j values were as follows: alluvium,
5.8-63 L kg'^; interbed sediment, 4.9-17 L kg'^; and, basalt 0.29-3.4 L k g '\ Because of 
the low sorption of selenium on basalt, no attempt was made to obtain an isotherm for it. 
Selenium sorption was found to be rrr in fm a l on the interbed sediment and moderate to low 
on the alluvium. The Freundlich isotherm equation was fitted to the sorption data for 
interbed sediment and alluvium These sorption isotherms indicated non-linearity. Non­
linear sorption characteristics o f  selenium were indicated by the dependence o f their 
distribution coefficients on initial metal concentrations and by values o f  n much less than 1  
(Equation 2 ). Freundlich constants determined for selenium on interbed sediment and 
alluvium were 0.65 and 0.60, respectively. The author recommended using transport 
modeling codes wtich take into account the non-linear sorption demonstrated by 
selenium
Selenium spéciation and transformation
Neal and Sposito (1989) added selenate to four alluvial soils firom the San Joaquin 
Valley, CA and adjusted the pH  to below 7.3. Redox measurements were taken over two 
hours after selenate was introduced. Eh values determined for sample with pH>7.3 
indicated redox conditions which favored selenate. Below a pH o f 7.3, Eh values dropped 
and indicated conditions wdiich ffivored selenite formation. However, less than 4% of 
soluble selenium was present as selenite for all soils. The authors hypothesized that there 
was insufficient equilibration time for redox conversion between the two species to occur.
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la  their literature review, they cited Page and Bingham (1986) who reported that the 
transformation o f selenate to selenite to occur following a “few days”. The conditions 
were described as flooded soil conditions. Ahematively, there is a possibility o f the 
existence o f multiple redox reactions and the Eh measurements could reflect these 
reactions and not selenium spéciation.
Little published data for kinetics o f transformation between various selenium 
species exists (Neal and Sposito 1989). Ylaranta (1983) stated that the a difference exists 
in the reduction rate between different soils for selenite to elemental selenium and selenide 
(Cary et al. 1967). Additionally, oxidation of selenium may be slower than the reduction 
rate for various species (Ylaranta 1983).
Cement Chemistry of Selenium
The sorptive behavior o f  chemical species in cement is typically characterized from 
batch type experiments on crushed material and is often expressed in terms of a 
distribution coefficient. A batch test involves introducing a pre-determined quantity of 
solution spiked with a radiotracer to study a known mass o f crushed concrete. Several 
parameters o f a batch may influence the sorption o f chemical species on cement including 
characterization o f the liquid and sohd phases, constancy o f pH, controlled tengerature 
conditions, how and in what form the tracer was added, determination o f whether the 
radionuclide concentration exists below the solubility limit, consideration of sorption on 
container walls, and consideration o f methods used for solid/liquid phase separation 
(Bradbury and Sarott 1995).
Hydrated cement is considered the most inq)ortant sorbing material for ionic 
species in concrete (Bradbury and Sarott 1995). The chemical interaction of water with
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the calcium silicates present in cements is referred to as hydration. This process b e ^ s  as 
soon as water and dry cement particles initiate contact. An interconnected network 
becomes established between calchun-silicate-hydrate (C-S-H) gel layers formed on each 
cement particle following water contact. This build up results in a progressive stiffening, 
hardening, and strength development. Water not used in the hydration process lies 
between the C-S-H network. Hydration continues as long as there is room for hydration 
products to continue to form and favorable moisture and temperature conditions for 
curing exists. Curing influences a number o f hardened concrete properties such as 
durability, strength, water tightness, abrasion resistance, and volume stability (Kosmatka 
and Panarese 1988).
The C-S-H gel determines the pH o f the pore water solution for the hardened 
cement paste. The gel has a large surface area (250 m^g ‘) and is considered to be 
primarily responsible for sorption of radionuchdes (Berner 1990; Ewart et al. 1991). The 
gel is considered poorfy crystalline and meta-stable, and, over long periods of time, could 
transform into a more stable crystalline structure with a change in properties, including a 
reduction in surface area and sorption (Bradbury and Sarott 1995).
Crushing the concrete mixture exposes internal surfaces o f an otherwise intact 
monolith. Typically, these surfaces could only be reached by difiusion o f substances 
through the pore water. This is a slow process, particularly for strongly sorbing species. 
Hardened cement pastes typically demonstrate porosities exceeding 20% wtich inçlies 
large internal pore surface areas. Crushing the material is expected to induce fractures 
along planes of weakness, specifically along pores or junctions where adjacent C-S-H gel 
filaments meet. However, cmshing does not expose new or atypical surfaces, but rather.
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it makes available sorption sur&ces Wiich all ready exist within the bulk material but 
typically can only be reached by diffiision (Bradbury and Sarott 1995).
Another concern relevant to crushing relates to potential alterations in sur&ce area 
as a result o f  crushing the hardened cement. Rowan et aL (1988) experimented with three 
different hardened cement pastes in the form o f 3-5 g discs. The discs were crushed and 
sieved to create a variety of particle sizes, all which exceeded 50 microns. Surfece area 
measurements taken prior to crushing and after crushing were found to be similar. Rowan 
et aL ( 1988) concluded that crushing did not significantly alter the available surface area, 
and therefore, sorption properties.
Other e7q)eriments which studied the influence o f  particle size and sorption 
properties on cement involved determining Kj values for such elements as cesium, 
strontium, iodine, and americium. The IQ values determined were similar to  those 
obtained in crushed cement batch tests. (Atkinson and Nickerson 1988; Atk in son et aL 
1988; Bayliss et aL 1991).
When making cement pastes, the ratio o f water added to the dry cement is referred 
to as the water/sohd (w/s) ratio or % w/s. Bradbury and Sarott (1995) report mixed 
sorption responses to variations in w/s ratios. They commented that various experiments 
yielded results indicating no effect on sorption capabilities while other studies relate an 
increase or decrease in sorption response to varied w/s ratios.
Different IQ values may be obtained if  a fixed initial concentration o f  contaminant 
solution is introduced to cements but with varying w/s ratio. This may be especially true 
when the con tam inant is sorbing non-linearly. This is because equilibrium concentrations
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25
change with varied w/s ratios. As the w/s ratio decreases, sorption would be expected to 
increase and vice versa (Bradbury and Sarott 1995).
The w/s effect on sorption is not considered to be a major influence on cement 
systems. Cement acts as a powerfid buffer and effectively determines the liquid 
composition and pEL Sorption site saturation may be responsible for variations in 
measured IQ values (Bradbury and Sarott 1995).
Not only is it possible to vary the w/s ratio, the type o f cement used may vary. For 
instance, cements may demonstrate sulfate resisting characteristics, have a high alumina 
content, contain fly ash or silica, or be characterized as ordinary Portland cement or a 
French mixture. Allard et aL (1984) studied iodine and cesium sorption on the above 
mixes. They concluded that the difference in sorption between the varied cement types 
were usually minor. Atkinson et aL (1988) studied americium and plutonium on various 
cement formulations. They concluded that the sorption coefficients were almost 
independent of the formulations studied (Bradbury and Sarott 1995).
No experimental sorption data exists for selenium in cement systems according to 
Bradbury and Sarott (1995). However, under anticipated redox and pH ranges. 
Thermodynamic calculations indicate that selenium is likely to exist predominantly as an 
anionic species (Se0 4 7̂ Se0 3 ^'/HSe‘).
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CHAPTER 2 
MATERIALS AND METHODS
2.1 Materials
Portland Cement
Areas with high concentrations of selenium typically coexist under high sul&te 
conditions as a resuh of soü and ground water characteristics in the southwestern United 
States. Elevated levels o f sulfate have been known to compromise Portland cement 
integrity by reacting with elements present in the hardened cement paste causing the 
cement to expand and deteriorate. Sul&te resistance in concrete can be achieved by 
reducing the amount o f  reactive elements (e.g. calcium) which cause the expansive sulfate 
reactions. The relatively low concentration o f tricalchun aluminate (CjA) in Type V 
cement results in a hardened paste which is resistant to sul&te attack and promotes 
structural integrity when subjected to high sulfrte conditions. However, Type V cement is 
neither resistant to acids nor other highly corrosive substances. Portland cement is 
alkaline (around pH 12) by nature (Kosmatka and Panarese 1988). The cement used in 
these studies was a Type V Portland* cement. The chemical and physical characteristics 
o f Ash Grove Portland Type V Cement are presented in Table 2 .1 .
'Type V Portland cement was manufactured by Ash Grove Cement Co., Nephi, UT.
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Chemical Composition
S ia 22.7%
AI2O3 3.3%
FejOj 3.8%
CaO 63.9%
MgO 2.3%
SO3 2.0%
Loss on ignition 0.1%
Insoluble residue 0.16%
Total Alkalines (as Na^O) 0.46%
Potential compound composition
Tricalcium silicate 52%
Dicalcium silicate 26%
Tricalcium aluminate 3%
Tetracalcium aluminoferrite 12%
Gypsum and “other materials” 7%
Physical Data
Blaine fineness (m  ̂kg'*) 363
Normal consistency (%) 25.6
Vicat set times (min)
Initial 110
Final 25.6
False set (%) 87.8
Autoclave expansion (%) 0.05
Air entrainment (%) 6.7
Compressive strength (PSI)
1 day 1730
3 days 3160
7 days 4050
“ Data provided by Ash Grove Cement Conçany, Nephi, UT.
Sihca Fume
The silica fiune utilized for this research was purchased imder the trade name 
RHEOMAC SFIOO® . Table 2.2 lists the chemical and physical properties of RHEOMAC
SFIOO®
Sihca fume is produced following the reduction o f high-piuity quartz with coal in 
an electric arc furnace to m anufactu re  sflicon or ferrosihcon ahoy. This additive reacts
 ̂RHEOMAC SFIOO* was purchased from Master Builders, Inc., Phoenix, AZ.
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Table 2.2. Chemical and physical characteristics o f RHEOMAC SF 100*/_____________
Chemical Composition______________________________________________________________________
Silica, fume >99%
Silicon dioxide, crystalline quartz <1%
Physical data
Light gray fine powder
Average particle diameter 0.1 pm
Specific gravity 2.2
Surfece area (m* kg ’) 20,000
Bulk density (lbs f t^  30-40 ______
“ Data provided by Master Builders, Lie. o f Phoenix, AZ.
with cement by-products (calcium hydroxides) released via hydration to form additional 
cementitious material (calcium siHcate hydrates), resulting in increased compressive 
strength and decreased permeability within the cement matrix (Kosmatka and Panarese 
1988). Another benefit o f sihca fiime relates to its ability to provide further sulfate 
resistance to hardened cement pastes. Sihca fume holds little sorption capacity for certain 
anions, such as selenite, which represents a species likely to be encountered in this 
research due to alkaline pH values (Kosmatka and Panarese 1988). Experts in the field 
recommended using 0 % - 2 0 % sihca fume by weight in the formulations.
Attapulghe Clay - Attagel®
Attapulgke clay consists o f a layered sihcate and is known to have a high 
adsorptive capacity, particularly for cations, and good suspending and gelling 
characteristics. Steric hindrance limits intracrystalhne adsorption. Therefore, Attapulgite 
only permits conq)ounds of smaU molecular size and high polarity to penetrate the clay. 
Interactions with sorbed species are considered weak because o?^gen ions on the 
tetrahedral sheet act as cation binding sites and behave as weak electron donors. In 
general, adsorption o f anions is considered possible due to octahedral Mg^^ present at the 
edges of the matrix. Larger molecules typically adsorb to external surfaces. Sorption of
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non-polar conpounds appears to be limited to external surfaces through Van der Waals 
attractions (Newman and Brown 1987; Rausell-Colom and Serratosa 1987).
The product used in this research was Attagel 50®, a specialty Attapulgite 
thickener, which is a product o f Engelhard Technology.^ Engelhard describes the product 
as a crystalline hydrated m ag n esium aluminum silicate with a 3-D  chain structure which 
offers colloidal and sorptive properties. The clay’s sorptive properties are attributed to 
high surface area. Table 2.3 lists an analysis of Engelhard Attapulgite products. 
Rheobuild/MB-SF®
The chemical interaction of pozzolans (specifically silica fume) with cement 
increases water d e m a n d  beyond that offered by the water/solids ratios used. In order to
Chemical Composition
Silicon (SiOz) 65.2%
Aluminum (AI2O3) 11.9%
Magnesium (MgO) 10.8
Iron (Fez03) 3.5
Calcium (CaO) 6.2
Phosphorous (P2O5) 1.0
Potassium (K2O) 0.8
Titanium (TiOz) 0.5
Trace Elements 0.1
Other values and product designation
physical form powder
average micrometer size 0.14
pH , , 7.5 to 9.5
BET sur&ce area m g' (moisture free basis) 150
“ Data provided by E. T. Horn. Co., La Mirada, CA
promote workability and mixability with the formulations, a cement dispersing agent was 
added. This substance can reduce water demand by 5-10%. The water reducer used was
* Attagel 50 was purchased firom E.T. Horn and Company, La Mirada, CA
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RHEOBUILD/MB-SF®^. 11.3 g of reducer were added per 2 pounds o f solid. Specific 
information regarding the physical and chemical properties o f this substance are unknown 
due to proprietary rights.
Selenium-75
The ^^Se was used as the radiotracer in this research.** 100 pg mL^ o f SeOg^ was 
diluted in 0.1 M HCl to a total mass o f 5.4 g in a 5 ml, anqmle. Total activity o f the stock 
solution as o f 1 December 1996 was 103.4 pCi or 3826 kBq in 5.35 g.
On 21 December 1996, the stock solution was diluted to 10,000 mL to an activity 
o f340 Bq mL \  This solution was then transferred to 4-2500 mL glass containers in 
order to adjust the pH values o f the solution. Standard solutions were adjusted to pH 
values o f  2.9, 5.9, 8.7, and 12.4. NaOH, HNO3, and NH4OH were used to adjust pH 
values as necessary.
Sodium Selenite
Sodium selenite (Na2 Se0 3 )^  was added to the radioactive standard solution, or 
the solution was diluted with deionized water, for the desorption studies in order to create 
selenium solutions with concentrations as follows: 6.5 ppb, 26 ppb, 53 ppb, 126 ppb,
784 ppb, and 1510 ppb. The original ^^Se standard solution contained 53 ppb o f Se which 
approximates the maximum con tam inant level for inorganic con tam inants in community  
water systems of 50 ppb (0.05 mg L'*) (U.S. EPA 1997).
®RHEOBUILD /MB-SF was purchased from Master Builders, Inc., Phoenix, AZ.
'* ̂ ^Se was purchased from Isotope Products Laboratories, Burbank, CA 
^  NazSeOs was purchased from Sigma Chemical Co., St. Louis, MO.
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2.2 Methods
Cement Preparation
Twenty-seven cementitious formulations, each containing one o f three levels of 
water/sohds (w/s) ratios (45%, 50%, and 55%), one of three weight percentages o f  silica 
fume (0%, 10%, and 20%), and one o f three weight percentages of clay (0%, 3%, and 
5%) were evaluated. Table 2.4 lists the experimental formulations used which were mixed 
in accordance with American Society for Testing and Materials (ASTM) Standard 
C 192 — Standard Practice for Making and Curing Concrete Test Specimens in the 
Laboratory (ASTM 1990).
After mixing the formulations, the cement was poured into 5.08 cm X 10.16 cm 
plastic cylinder cups to a height o f 5 cm. The cement formulations were made using 
deionized water which was adjusted to a pH o f 12.5 using NaOH in order to simulate the 
alkaline conditions most likely encountered in the western United States . The cylinders 
were sealed with a polyethylene film and allowed to cure for 28 days at room tenq>eratme. 
Once cured, the cement monoliths were demolded and crushed in accordance to Relyea et 
aL ( 1980). The cement was fragmented using a h am mer to reduce the hardened monoliths 
to smaller pieces. These fragments were then ground using a mortar and pestle and sieved 
to achieve particle sizes between 250 pm and 1mm. Three sets (one set per each pH  
studied) o f triplicate Ig ±  0 . 0 1  g cement sanq>les per formulation were placed in 
30 mL centrifuge tubes and subjected to the procedures outlined below.
Selenium Sorption Experiment Protocol
The static, or batch sorption procedure outlined in PNL-3349 was adapted for use 
in this study (Relyea et al. 1980). This method utilizes crushed or fragmented samples
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suspended in a radionuclide spiked solution to study sorption properties. Although 
described as “static”, continuous agitation allows the crushed or fragmented sample to 
interact with the solution. It permits quick determination o f equilibrium with such 
parameters as pH or ionic strength. Sorption parameters can be determined as functions 
of time, mass, or sur&ce area.
The PNL-3349 procedure required that aU sançles undergo cold washes in order 
to establish equilibrium between the solution pH and surfaces freshly exposed from 
grinding. Cold washing involved introducing a predetermined amount (30 mL ± 0.01 mL) 
of pH-adjusted deionized water to each 1 g cement sample in the centrifuge tubes. NaOH, 
HNO3 , NH 4 OH and 1 M HNO3  were used to  adjust pH values to 5.9, 8.7, and 12.4. The 
cement and cold wash solution gently agitated overnight on an orbital shaker at 60 rpm. 
The tubes were then centrifuged at 10,000 g for 20 minutes. Finally, the cold solution was 
extracted with a vacuum pipette and fresh cold solution was reintroduced to the cement. 
The cold washes were performed three times in attempts to establish pH equilibrium 
Random pH measurements were obtained between cold washes to gauge equilibrium 
status using a Denver histrument Company Accumet Model 15 meter with a combination 
electrode. pH  measurements were obtained from every sançle after the final cold wash. 
The results indicated that pH tended towards 12.5. This observation will be discussed in 
the Results section.
Three ^^Se solutions with a specific activity o f 340 Bq mL** were adjusted to pH 
values of 5.9, 8.7, and 12.4. Adjusting the pH o f the solution permitted investigation o f 
selenium sorption by the cement formulations at varied pH levels. Each solution had a 
concentration o f 53 |tg L * o f selenium. Each cement formulation was subjected to one
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Table 2.4. List o f solids in each cementitious formulation.
45% w/s formulations % Portland Cement % Silica Fume % Clay
45/0/0 100 0 0
45/10/0 90 10 0
45/20/0 80 20 0
45/0/3 97 0 3
45/10/3 87 10 3
45/20/3 77 20 3
45/0/5 95 0 5
45/10/5 85 10 5
45/20/5 75 20 5
50% w/s 
formulations
50/0/0 100 0 0
50/10/0 90 10 0
50/20/0 80 20 0
50/0/3 97 0 3
50/10/3 87 10 3
50/20/3 77 20 3
50/0/5 95 0 5
50/10/5 85 10 5
50/20/5 75 20 5
55% w/s 
formulations
55/0/0 100 0 0
55/10/0 90 10 0
55/20/0 80 20 0
55/0/3 97 0 3
55/10/3 87 10 3
55/20/3 77 20 3
55/0/5 95 0 5
55/10/5 85 10 5
55/20/5 75 20 5
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radioactive wash. For example, 30 mL o f the 5.9 pH^^Se solution was added to each of 
the triphcate Ig cement samples o f the 50/0/0 formulations, 30 mL of the pH 8.7 ^^Se 
solution was added to the second triplicate set of 50/0/0 formulations, and 30 mL o f the 
pH 12.4 ^^Se solution was added to the final triplicate set o f  50/0/0 formulations. The 
samples were oscillated on an orbital shaker at 60 rpm for seven days at room temperature 
to maximize contact o f  the radioactive solution with cement. The tubes were then 
centrifuged at 5000 rpm for 45 minutes to separate the solution and cement phases.
15-mL aliquots were removed using a plastic transfer pipette and placed into counting 
vials for radioanalysis o f the ^^Se. The remaining  15-mL was not removed to avoid 
compromising the integrity o f the solution by disturbing the centrifugate which could alter 
the counting geometry.
The extracted aliquots were placed in Ifigh Purity G erm anium (HPGe) detectors to 
quantify radioactive emissions firom the ^^Se 264 keV g.^mma line. The aliquots subjected 
to ^^Se spiked solutions at pH values of 12.4 and 8.7 were counted for 300 seconds. The 
ahquots subjected to ^^Se spiked solutions at a pH value o f  5.9 were counted for 900 
seconds to achieve consistent counting errors (< 1 0 %), since these latter measurements 
were made approximately 5 months after the initial ‘̂ Ŝe standard was prepared (ti / 2  o f 
^^Se is 119.7 days). The longer count time conq>ensated for decay and ensures equivalent 
statistical reliability. Activity in all samples were decay corrected to 10 January 1997.
The Minimum Detectable Activity level (MDA) determined for this analytical method was 
18 Bq per 15 mL at a 90% confidence interval. All sanq)le activities exceeded this level.
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Distribution coefficients for the sorption studies were calculated using the
following general equation;
______________Concentration o f selenium sorbed by the concrete____________
Concentration of selenimn in solution in contact with the cement formulations
Actual Kd values were determined using the following equation;
mL^ A(Bq) V(mL)
Kd
where:
I  g J  m(g) S^{BqY (9)
A = ^^Se activity sorbed by the cement. This is determined by taking the difference
between the activity present in 30 mL o f  ̂ ^Se solution per sanq)le prior to 
contact with cement (determined by counting “blank” samples) and the actual 
^^Se activity present (S.A ) in that sample after contact with the cements 
(determined by counting the sanqile);
m = Weight o f  the concrete (g) present in each centrifuge tube prior to introducing 
the ’^Se solution;
V = Quantifies the amount of  ̂ ^Se solution added to each centrifuge tube;
Sa = ^^Se activity present (S.A ) in solution after contact with the cement
(determined by counting the sanq)le).
Selenium Desorption Ejq)eriment Protocol
This phase o f the study was initiated to determine the reversibility o f selenium 
sorption by the following cement formulations: 50/0/0, 50/0/3, and 50/0/5. Formulations 
containing silica fume were not studied. In this phase, sorption/desorption behavior 
relating to various selenium concentrations (total selenium) were studied, specifically, 6.5 
ppb, 26 ppb, 53 ppb, 126 ppb, 784 ppb, and 1510 ppb.
Triphcate Ig ±  0.0 1  g cement sanq)les firom each formulation were placed in
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30 mL centrifiige tubes. Cold washes were carried out as described in the Section 2.2.2.. 
However, pH  o f  the cold wash solution was not adjusted. Cold washes were carried out 
using a 0.01 M  CaClj solution to control ionic strength.
The radioactive ^^Se standard solution used in the desorption study had previously 
been adjusted to a pH o f 2.9. No attempts were made to change this pH. Previous 
observations indicated that regardless o f  the initial solution pH, all solution pH values 
tended to approximate 12, which is the pH o f the cement pore water. Diluting the 
radioactive standard with deionized water or adding NazSeO] allowed variations to be 
made in the total selenium concentratioiL Solutions with the following total selenium 
concentrations were prepared: 6.5 ppb, 26 ppb, 53 ppb, 126 ppb, 784 ppb, and 1510 ppb. 
Each cement formulation was then subjected to one seven-day incubation (in triphcate) 
with 20 mL o f  each selenium concentration. The centrifuge tubes were osciUated during 
incubation and centrifuged to separate the hquid phase. 15 mL o f solution was removed 
from each centrifuge tube and analyzed as described in Section 2 .2 .2 .
15 mL o f 0.01 M CaCl2  solution was then added to each 30 mL centrifuge tube 
vrihch also contained 5 mL of residual radioactive selenium solution, resulting in a total 
aqueous volume o f 20 mL. The test tubes were aUowed to equilibrate for 13 days at room 
temperature under gentle agitation (orbital shaker at 60 rpm). The tubes were then 
centrifuged at 10,000g for 20 minutes. 15 mL o f the solution were extracted via hand 
pipette and placed into 15 mL counting vials to determine the new solution activity. This 
process was repeated a total of four times. Table 2.5 provides incubation time intervals 
for each 0.0 IM  CaCl2  addition.
The extracted ahquots were placed in High Purity Germanium (HPGe) detectors to
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Table 2.5. Incubation time intervals for 0.0 IM  CaCl: additions.
0.0 IM CaCl2 addition Time the sample bathed on orbital shaker
1 13 d ^ s
2 13 days
3 11 days
4 11 days
quantify radioactive emissions from the ^^Se 264 keV gamma ray. Activity m all sançles 
were decay corrected to 10 January 1997. Count times were adjusted such that an error 
less than 10% was achieved. As such, the MDA varied with each sample. The most 
restrictive MDA value calculated was 0.033 Bq per 15 mL.
In order to  determine the concentration of selenium in solution (C (ng mL'*)), a 
constant, a , was first calculated using data from the standard selenium solution;
a
Vstd(mL)*Cstd(ppb)
A std (B q )  ̂ (10)
where:
Astd = the activity (Bq) o f ’^Se counted in the standard vial containing a specific
selenium concentration (1510 ppb, 784 ppb, 126 ppb, 53 ppb, 26 ppb, 6.5 ppb);
Vstd = the volume (mL) of selenium in solution contained in the standard vial; and
Cad = the total concentration of selenium (ppb) present (1510 ppb, 784 ppb, 126 ppb,
53 ppb, 26 ppb, 6.5 ppb) in the viaL
a  was then used to calculate the concentration of selenium remaining in solution
(C (ng mL *)) after a sorption wash and each desorption wash using the following
equation:
C „(ng*m L-‘)= -a*V (m L ) ( 1 1 )
where:
Cn = The total concentration (ng mL'*) o f selenium contained in solution following a 
sorption wash and each desorption wash (1, 2, 3, and 4);
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A = The activity (Bq) counted in solution following a sorption wash or a
desorption wash (1, 2, 3, or 4);
a  = Experimental constant determined using Equation 1 0 ; and
V = The volume (mL) o f  selenium solution contained in the viaL
The following equations were then used to determine the concentration o f
selenium sorbed by the cement particles (Q (ng g'*)) following a sorption wash and each
desorption wash. In addition, they account for mass balance:
C s t d * V ^ d = V i * C i + m i * Q (12)
mi *Ql +5mL*Ci = V2  *C% -Fmi •Q2, (13)
mi * Q2  +5mL*C2 = V] *C] -Fm^ *<33. (14)
m i* Q3  +5mL*C3 =V4 *C4 + m i  * Q4 , and (15)
mi * Q 4  +5mL*C4 = V3 *Cg -Fmi * Qs . (16)
where:
Cstd = the total concentration o f selenium in solution in the standard (1510 ppb, 
784 ppb, 126 ppb, 53 ppb, 26 ppb, or 6.5 ppb);
Vstd = The volume (mL) o f selenium in solution contained in the standard vial;
mi = the mass (g) o f cementitious formula with which the selenium solution
has contact (assumes that the quantity of material remains constant);
5 mL = refers to the quantity o f selenium solution \ ^ c h  was left in the 
centrifuge tube and was therefore, not counted;
V; = the volume o f selenium in solution Wiich is counted following a sorption 
was (Vi) and each desorption wash (Vz, V3 , V 4 ,  or V5 ); and
Ci = the total concentration o f selenium in solution following sorption (Ci)
and each desorption wash (C2 , C3 , C4 , and C5 , respectively).
Determined from Equation 11.
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Surface Area Determination
Surface area measurements o f all 50% w/s cement formulations were obtained 
with, a Micrometries Gemini 2370 sur&ce area analyzer. Surfrce area measurements were 
obtained for cement samples both before and after 0 .0 1  M CaClz washes in order to 
determine if  any changes in surface area occurred as a result o f the experimental 
procedure. Sangles were dried at 200°C under nitrogen prior to measurements. Surface 
area was measured by a method specified by the manu&cture using nitrogen absorption 
measurements and interpreted using a BET isotherm.
Conductivity
Conductivity measurements of aqueous water were made with a LaMotte 
CDS 5000 Conductivity/TDS meter in order to monitor changes in ionic strength during 
the sorption/ desorption study. Three repetitions o f  Cold Wash samples for 50/0/0, 50/0/3, 
and 50/0/5 firom both deionized water and 0.01 M  CaClj cold wash samples were 
measured. This data provided a measure of ions present firom the cement which may have 
dissolved in solution. Conductivity measurements provide an overall measure o f the ionic 
content in solution. The higher the conductivity reading, the greater the number of ions 
present.^
Molybdate Method — Dissolved Silica Determination
A LaMotte SMART colorimeter was used to detect dissolved silica using the 
Molybdenum Blue analytical method. The reagents used in this method were purchased as 
a kit firom LaMotte and produce a blue color which is proportional to the amount o f 
dissolved sihca present. Molybdenum blue only reacts with dissolved sihca. Dissolved
^  LaMotte Company. CDS 5000, Conductivity/TDS meter instruction manual. Chestertown, Maryland.
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silica in solution results from the dissolution o f silicate materials. All formulations used in 
the sorption/desorption study were analyzed.
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
The ICP-AES technique provided data which quantified (in ppm) the presence of 
silica, calcium, and aluminum in cold wash solutions using 0.01 M CaCh and deionized 
water in the desorption experiment using an ARL 3560 AES. These elements represent 
primary constituents present in cement and clay. From this data, comparisons can be 
made between the quantity o f elements present per sanq>le in cold washes using deionized 
water and 0 . 0 1  M CaClj, trends associated with calcium (ppm per sançle) and pH (per 
sanq)le), and concentration o f silica present as determined by AES vs. calorimetric 
method. AES utilizes emission o f  high-tençerature ion plasma to determine the 
concentration o f elements.
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RESULTS
3.1 Selenhim Spéciation 
Thermodynamic calculations performed with M1NEQL+ Version 4^^, a computer 
chemical spéciation code, indicate that selenate (SeO/^) should predominate regardless of 
the initial pH and oxygen saturation leveL pH values ranging between 5 and 13 along with 
varied oxygen saturation values (ranging between log [PO2 ] o f -5 and log [PO2 ] of -0 .6 8 ) 
were entered into MINEQL+. The resulting calculations are presented in Table 3.1.
Se0 4 ^ represents the theoretical dominant species across all pH values examined 
and oxygen saturation parameters. The concentration o f SeÛ4 ^ remained constant across 
all pH values and oxygen saturations. Selenite (as biselenite, or HSeOs*') exists in 
concentrations 1 0  orders of magnitude less than selenate, and demonstrated small 
decreases as pH decreased and as ojQ^gen saturation increased.
log [P0 2 ] values were determined using the following equation:
log PO2  = - log K + 4pH + 4 pE. (17)
This formula represents a corrected log K which includes the effect o f  PO2 .
^^MINEQL+ is a computer code from Environmental Research Software, Hallowell, Maine.
41
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Table 3.1. Concentrations of selenate and selenite determined using MINEQL+.
pH logPOz Se04*- (mol L-‘) HSeOs'Vraol L"‘)
5 -5 l.OOxlO"* 7.98x10"'^
5 -3.92 1.00x 10-* 2.31x10"'*
5 -2.92 1.00x10"* 6.71x10"**
5 -1.82 1.00x10-* 1.95x10"**
5 -0.68 1.00x 10"* 5.65x10"*'
7 -5 1.00x10"* 1.72x10"**
7 -3.92 1.00x 10"* 4.98x10"*^
7 -2.92 1.00x 10"* 1.44x10"*'
7 -1.82 1.00x10"* 4.19x10"*:
7 -0.68 1.00x10"* 1.21x10"*:
9 -5 1.00x 10"* 9.37x10"*'
9 -3.92 1.00x 10-* 2.72x10'*"
9 -2.92 1.00x10"* 7.88x10"*:
9 -1.82 1.00x 10"* 2.29x10"*:
9 -0.68 1.00x 10"* 6.63x10"*®
11 -5 1.00x 10"* 9.29x10"*"
11 -3.92 1.00x 10"* 2.69x10"*"
11 -2.92 1.00x 10"* 7.82x10"*:
11 -1.82 1.00x10-® 2.27x10"*:
11 -0.68 1.00x10"* 6.58x10"*®
13 -5 1.00x 10"* 9.29x10"*"
13 -3.92 1.00x10"* 2.69x10*"
13 -2.92 1.00x 10"* 7.82x10"*:
13 -1.82 1.00x10"* 2.27x10"*:
13 -0.68 1.00x10"* 6.58x10"*®
1 X 10 M selenate was assigned to MINEQL+.
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3.2 Selenium Sorption Experiment 
Experimental EQ values and their associated standard deviations determined from 
the sorption studies are presented in Table 3.2. In general, it appears that Kj values, and 
hence selenium sorption, are greatest without including silica fume or clay in the cement 
formulations. Additionally, IQ values appear to be greatest when the cold wash solution 
and radioactive solution were initially adjusted to  a pH  o f 5.9.
Table 3.2. Experimental Kd values and associated standard deviations.
Sample 
Identification 
w/s, %Silica Fume, 
% Clay
Experimental Ku values 
pH 5.9
(L kg‘ b  + iCT (L k g 'b
Experimental K j values 
pH 8.7
(L k g 'b  + 1er (L kg‘ )̂
Experimental K<j values 
pH 12.4
(Lkg‘b +  lcr(L kg'^)
45/0/0 1400 ± 90 760 ± 20 890± 110
45/10/0 950+ 10 500 ± 20 510±60
45/20/0 690 ± 80 300 ± 30 440± 100
45/0/3 1600 ± 130 700 ± 30 770± 130
45/10/3 1000 ± 100 450 ± 20 620 ± 80
45/20/3 590 ± 70 290 ± 20 410 ±60
45/0/5 1300 ± 70 700 ± 20 630 ± 120
45/10/5 890 ± 40 430 ± 1 360 ± 30
45/20/5 540 ± 100 280 ± 10 250 ± 140
50/0/0 1300+60 720 ± 50 570 ± 160
50/10/0 1100 ±50 490 ± 80 510 ±200
50/20/0 740 ± 280 310 ±20 410± 110
50/0/3 1300 ±50 650 ± 20 930 ± 90
50/10/3 930 ± 40 440 ±30 630 ± 30
50/20/3 800 ± 270 320 ± 10 490 ± 9
50/0/5 1300 ± 20 710±30 840 ± 60
50/10/5 530 ± 100 440 ±20 680 ± 30
50/20/5 840 ± 120 290 ± 10 410 ±60
55/0/0 1600 ± 300 670 ± 40 930 ± 140
55/10/0 1200 ± 30 380± 130 520 ± 50
55/20/0 840± 130 290 ± 10 350 ± 90
55/0/3 1800 ±50 770± 110 800 ± 60
55/10/3 1100± 120 400 ± 50 760 ± 80
55/20/3 680 ± 100 280 ± 4 470 ± 80
55/0/5 1600 ± 220 680 ± 20 700 ± 9
55/10/5 HOC ±40 450 ± 50 700± 110
55/20/5 870 ± 180 320 ±  20 420 ± 10
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SAS, a statistical software package, was used to analyze the data from the sorption 
experiment and provide numerical representations which permit comparison between data 
sets to determine statistical significance. The four independent variables identified for 
analysis, each with three associated levels, are as follows; water/solids ratios (45%, 50%, 
55%), silica fume content (0%, 10%, 2 0 %), clay content (0%, 3%, 5%), and pH values 
(5, 8.7, 12). A 4 X 4 Analysis o f Variance test, or ANOVA test, was conducted to 
investigate the significance o f the following frctors: individual variables (w/s, sihca fume, 
clay, pH); 2-way interactions (w/s and silica fume; w/s and clay; w/s and pH; silica firme 
and clay; silica firme and pH; clay and pH); 3-way interactions (w/s, silica firme, and clay; 
w/s, silica firme, and pH; w/s, clay, and pH; silica firme, clay, and pH); and finally, all 
interacting variables (w/s, silica firme, clay, and pH).
ANOVA determined that a significant difference exists between the calculated IQ 
values. Table 3.3 presents output from ANOVA on the cement data.
Table 3.3. General Linear Models Procedure.
Source Degrees of 
Freedom
Sum of Squares Mean Square F Value P
Model 80 30593578.35 382419.729 41.46 0.0001
Error 160 1475805.46 9223.784
Corrected
Total
240 32069383.82 F Critical Value 13.48
The general hypothesis imderlying the ANOVA procedure is that none o f  the 
independent variables explored influence the resulting IQ values. The test is based on a 
statistic possessing an F distribution that the "no effect” hypothesis for the independent 
variable should be rejected i f  the calculated F value is large. Since the calcirlated F value
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is greater than the F critical value inherent to the F distribution (a = 0.05), it must be 
concluded that the IQ values obtained do depend on all the variables explored as well as 
their interactions. Additionally, since p is less than alpha (p = 0.0001), the same 
conclusion can be made. The test is significant and IQ values do depend on all the 
variables explored as well as their interactions.
Table 3.4 presents the statistical analysis determined for individual variables as well 
as all interactions.
Table 3.4. ANOVA table.
Source Ho Degrees
of
Freedom
Type m 
Sum of 
Squares
Mean
Square
F
value
P
w/s Pa1=Pa2—Pa3 2 348746 174373 18.90 0.0001
Silica Pbi=PB2=PB3 2 10714167 5357084 580.79 0.0001
Clay PC1̂ PC2=PC3 2 188039 940194 10.19 0.0001
pH Pdi=PD2=PD3 2 15082259 75411294 817.57 0.0001
w/s*Silica No interaction: Ax B 4 1634659 408664 4.43 0.0020
w/s*CIay No interaction: Ax C 4 1385689 34644 3.76 0.0060
w/s*pH No interaction: A x D 4 500815 125204 13.57 0.0001
Silica*clay No interaction; B x C 4 69697 174244 1.89 0.1149
Silica*pH No interaction; B x D 4 1185558 2963894 32.13 0.0001
Clay *pH No interaction: C x D 4 1602728 400684 4.34 0.0023
w/s*Silica*clay No interaction; A x B x C 8 1870168 233774 2.53 0.0127
w/s*silica*pH No interaction: A x B x D 8 254998 318744 3.46 0.0011
w/s*Clay*pH No interaction: A x C x D 8 245326 30666 3.32 0.0015
SiIica*CIay*pH No interaction: B x C x D 8 307240 38405 4.16 0.0002
w/s*silca*cl%f*pH No interaction: A x B x C x D 16 455727 28483 3.09 0.0001
The mean IQ value obtained for all formulations studied at all pH levels was 
712 L k g '\ Based on the p values determined through the ANOVA process, all individual 
variables along with their interactions influence IQ values except for the silica and clay 
interaction (p = 0.1149). This merely suggests that no significant difference in IQ values 
results by increasing (or decreasing) the level of silica and increasing (or decreasing) the 
level of clay. Due to the myriad of extraneous factors which can influence the sorption
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response, further statistical analyses focus only on the four independent variables and their 
corresponding levels rather than their interactions.
Consideration o f each level within an individual variable (e.g., 45%, 50%, and 
55% within the water/solids ratio variable) permits investigation into differences within 
that variable. This involves calculating the least squares mean, with emphasis placed on 
the variance associated between each level with subsequent determination of the mean 
value. In addition, a multiple comparison test allows the identification o f  any differences.
Table 3.5 presents the statistical analysis for the various percent water/solids ratios 
explored.
%
w/s
Kd Least 
Squares 
Mean
Standard 
Error 
LS Mean
Ho:LSmean=0 (Column 1) 
pfor 
45
(Column 2) 
p for 
50
(Column 3) 
p for 
55
45 677.15 10.67 0.0001 (Row 1) 
45
0.2357 0.0001
50 695.20 10.77 0.0001 (Row 2) 
50
0.2357 0.0001
55 765.54 10.77 0.0001 (Row 3) 
55
0.0001 0.0001
This test determined that no significant difference in Ka values exists by adding 45% or 
50% water by weight to the mix (p =  0.2357 in row 1, column 2; and p = 0.2357 in row 
2 column 1). 55% water addition, however, demonstrates a significant increase in 
sorption capabilities compared to the other two levels (p = 0 .0 0 0 1 ).
When considering silica fume addition. Table 3.6 presents the statistical analysis 
for the various levels examined.
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%
silica
fume
Kd Least 
Squares 
Mean
Standard 
Error 
LS Mean
Ho:LSmean=0 (Column 1) 
pfor 
0
(Column 2) 
pfor 
10
Column 3) 
p for 
20
0 990.06 10.67 0.0001 (Row 1) 0.0001 0.0001
10 670.94 10.67 0.0001
0
(Row 2) 
10
0.0001 0.0001
20 476.88 10.87 0.0001 (Row 3) 
20
0.0001 0.0001 •
This test determined that, in general, a difference exists between all levels of silica 
fiime addition. Withholding silica fhme provides maximum sorption capabilities conq)ared 
to any silica fume addition. 1 0 % silica fume addition significantly reduces sorption 
capabilities conq)ared to 0 % addition, yet permits more selenium sorption than adding 
2 0 % silica fume. 2 0 % sihca fume addition significantly reduces sorption capabilities.
Table 3.7 presents the statistical analysis for the various levels of clay examined. 
Excluding clay or adding 3% clay both demonstrate similar sorption capabilities. Adding 
5% clay significantly reduces sorption properties by the cement in comparison to 0% and 
3% clay addition.
Table 3.7. Least squares table and multiple comparison for clay content.
%
clay
Kd Least 
Squares 
Mean
Standard 
Error 
LS Mean
Ho:LSmean=0 (Column 1) 
pfor 
0
(Column 2) 
pfor 
3
Column 3) 
pfor
5
0 717.20 10.67 0.0001 (Row 1) ■ 0.0737 0.0076
3 744.49 10.77 0.0001
u
(Row 2) 0.0737 0.0001
5 676.19 10.77 0.0001 (Row 3) 
5
0.0076 0.0001
When considering pH, Table 3.8 presents the statistical analysis for the various 
levels explored.
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Table 3.8. Least squares table and multiple comparison for pH.
pH Kd Least 
Squares 
Mean
Standard 
Error 
LS Mean
Ho.LSmean=0 (Column 1) 
pfor 
45
(Column 2) 
pfor 
50
(Column 3) 
pfor 
55
5 1063.37 10.87 0.0001 (Row I) 
45
• 0.0001 0.0001
12 592.54 10.67 0.0001 (Row 2) 
50
0.0001 • 0.0001
8.7 481.97 10.67 0.0001 (Row 3) 
55
0.0001 0.0001
The least squares mean for pH values and associated multiple comparison test indicates 
that all three pH levels are significantly different from each other (p = 0 .0 0 0 1 ). The 
lowest pH solutions used in the cold washes and the radioactive wadi, 5.9, resulted in the 
largest Kd values observed, indicating maximum sorption capabilities. A  pH o f 12 resulted 
in Kd values much less than pH 5.9, but significantly greater than 8.7. However, pH 
measurements taken immediately after the introduction o f any pH adjusted selenium 
solution into the cement samples as well as measurements following aU three cold washes 
indicate pH values which range from 11.2 to 12.4. This suggests an inability to establish 
pH equilibrium during the cold washes and demonstrates a large buffering capacity by the 
cement matrix.
3.3 Selenium Sorption/Desorption 
Experiment
Distribution Coefficients
Tables 3.9, 3.10, and 3.11 present the concentrations o f  ̂ ^Se remaining in solution 
(C, |ig mL'^) following the sorption wash and desorption washes as well as the 
concentration o f  ̂ ^Se remaining in the cement matrices (Q, pg g'^) following the sorption 
and desorption washes for each level of total selenium studied (6.5 ppb, 26 ppb, 53 ppb,
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Table 3.9. Isotherm data for 50/0/0 formulation.
Selenium
concentration
ppb
Experimental C 
(ng mL'*)
Experimental Q 
(ngg'*)
or
c
(ng mL'*)
CT
Q
(ng g‘*)
Kd
Q * C *
(Lkg-*)
Kd°-
Q * C *
(Lkg-*)
Sorption
1510 45.0 29199 18.64 325 649 269
784 17.5 15291 1.50 41.2 876 75
126 3.11 2449 0.31 10.8 789 79
53 1.43 1033 0.05 3.41 903 42
26 0.55 506 0.03 1.51 916 55
6.5 0.17 126 0.03 0.69 729 147
Desorption 1
1510 27.7 28871 5.40 343 1042 204
784 12.3 15132 1.61 44.9 1226 160
126 2.12 2422 0.31 12.6 1140 165
53 0.90 1021 0.02 3.56 1128 26
26 0.41 501 0.05 1.57 1223 160
. 6.5 0.13 125 0.20 0.82 983 152
Desorption 2
1510 26.0 28490 3.26 378 1094 138
784 12.3 14948 0.65 52.7 1212 64
126 1.86 2395 0.04 12.4 1290 27
53 0.77 1010 0.80 4.44 1304 134
26 0.37 495 0.05 2.34 1331 176
6.5 0.11 123 0.01 0.87 1154 157
Desorption 3
1510 28.7 28047 5.04 397 976 172
784 11.3 14784 0.64 45.6 1309 75
126 2.02 2364 0.46 20.8 1172 267
53 0.84 997 0.15 1.18 1180 207
26 0.40 489 0.02 2.51 1227 67
6.5 0.10 121 0.01 0.74 1228 156
Desorption 4
1510 22.1 27750 6.56 516.82 1257 374
784 10.4 14633 0.31 43.90 1412 43
126 1.66 2341 0.16 21.67 1410 140
53 0.67 988 0.11 2.54 1482 234
26 0.33 485 0.02 2.31 1447 93
6.5 0.11 120 0.03 0.24 1107 350
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Table 3.10. Isotherm data for 50/0/3 formulation.
Selenium
concentration
ppb
Experimental
C
(ng mL'*)
Experimental
Q
(ngg'*)
a
C
(ng mL'*)
O ’
Q
(n g g ')
Kd
Q * C *
(Lkg'*)
Kdcr
Q * C *
(Lkg'*)
Sorption
1510 27.2 29529 1.58 45.0 1085 63
784 12.9 15347 2.90 42.5 1188 266
126 2.66 2453 0.60 16.6 921 206
53 0.90 1037 0.05 2.32 1156 66
26 0.45 509 0.08 2.86 1132 212
6.5 0.11 127 0.02 0.45 1123 164
Desorption 1
1510 20.1 29264 1.44 64.1 1454 104
784 9.23 15227 0.76 26.8 1650 135
126 1.70 2432 0.12 12.5 1431 101
53 0.64 1029 0.02 2.71 1614 38
26 0.28 505 0.02 2.90 1796 145
6.5 0.08 126 0.01 0.18 1514 215
Desorption 2
1510 16.9 29028 2.15 61.5 1723 220
784 8.09 15112 1.16 38.3 1867 268
126 1.58 2409 0.08 11.9 1530 80
53 0.59 1020 0.11 3.43 1730 310
26 0.30 500 0.04 3.49 1687 235
6.5 0.07 125 0.02 0.55 1830 506
Desorption 3
1510 19.1 28732 3.71 106.6 1506 293
784 8.67 14980 2.09 36.8 1729 417
126 1.62 2385 0.29 15.4 1472 261
53 0.73 1009 0.11 6.05 1392 217
26 0.36 495 0.07 3.06 1391 283
6.5 0.09 124 0.04 0.31 1321 550
Desorption 4
1510 16.4 28501 0.74 98.8 1743 79
784 7.11 14882 1.38 59.1 2094 408
126 2.31 2347 1.47 38.5 1015 644
53 0.52 1002 0.04 3.51 1923 153
26 0.26 492 0.04 3.42 1920 315
6.5 0.07 123 0.01 0.24 1683 150
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Table 3.11. Isotherm data for 50/0/5 formulation.
Selenium
concentration
ppb
Experimental
C
(ng mL'*)
Experimental
Q
(ngg'*)
a
C
(ng mL'*)
cr
Q
(ngg'*)
Kd
Q * C *
(Lkg-*)
Kdcr 
Q*C'* 
(L kg'*)
Sorption
1510 28.1 29483 1.86 128.2 1051 70
784 18.0 15222 1.11 51.3 848 53
126 2.18 2459 0.27 8.04 1127 141
53 0.81 1037 0.10 6.36 1286 154
26 0.47 509 0.09 2.48 1073 202
6.5 0.13 127 0.01 0.40 993 84
Desorption 1
1510 20.3 29218 0.42 112.6 1438 30
784 10.6 15100 0.22 43.6 1421 30
126 1.75 2435 0.24 7.39 1393 193
53 0.77 1025 0.24 7.52 1330 408
26 0.36 504 0.01 2.01 1410 22
6.5 0.09 126 0.01 0.49 1472 217
Desorption 2
1510 18.5 28951 1.27 131.3 1563 108
784 10.4 14946 1.69 70.2 1440 235
126 1.47 2414 0.14 9.42 1640 152
53 0.53 1019 0.05 7.68 1907 174
26 0.30 500 0.04 2.69 1679 199
6.5 0.07 125 0.02 0.07 1723 450
Desorption 3
1510 19.7 28652 2.63 75.30 1457 195
784 10.2 14795 1.44 35.4 1451 205
126 1.61 2390 0.27 14.1 1489 249
53 0.52 1011 0.09 9.26 1955 358
26 0.40 494 0.06 3.43 1249 191
6.5 0.08 123 0.004 0.15 1462 70
Desorption 4
1510 17.4 28404 2.25 51.3 1637 212
784 9.14 14664 0.97 23.5 1604 169
126 1.40 2370 0.12 15.0 1704 144
53 0.49 1004 0.03 9.31 2049 118
26 0.30 490 0.03 3.53 1641 167
6.5 0.08 122 0.002 0.17 1479 31
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126 ppb, 784 ppb, 1510 ppb). From this data, the corresponding IQ values and standard 
deviations have been calculated.
Sorption
Sorption isotherms were determined for each formulation — 50/0/0, 50/0/3, and 
50/0/5. Each isotherm represents sorption data for each selenium concentration studied 
(6.5 ppb, 26 ppb, 53 ppb, 126 ppb, 784 ppb, and 1510 ppb). Regression analyses 
indicated that a linear relationship exists between selenium concentrations, as indicated by 
values o f n which approximate 1. Therefore, as the concentration o f  selenium in solution 
increases, one finds a proportional increase in the concentration of selenium sorbed by the 
cement formulations. Table 3.12 represents experimental constants determined for each 
cement formulation using regression analyses.
Cement Formulation m Representative BQ value R-
50/0/0 0.978 821 0.996
50/0/3 0.996 1100 0.998
50/0/5 0.977 1071 0.996
In this experiment. The mean IQ value obtained for the cement formulation 
excluding clay is, on average, one-fomth of the IQ values obtained for cement 
formulations containing clay.
Sorption/Desorption Isotherms
Sorption/desorption isotherms are presented in Figures 3.1, 3.2, and 3.3. 
Regression analyses determined using log Q and log C indicate that the 
sorption/desorption curves fit a Freundhch isotherm rather than a linear model. 
Experimental constants determined using regression analyses are presented in Table 3.13.
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The isotherm figures indicate irreversible selenhim sorption or very slow 
desorption kinetics as indicated by values of n much less than 1, where n is equal to the 
slope of the line. This is represented by the horizontal pattern created with each 
desorption wash for each selenium concentration studied. This finding indicates that very 
little selenium desorption occurred on the time scale o f these experiments. If  the 
desorption isotherm followed the sorption curve rather than the approximately 
"horizontal” isotherm, the sorption process would be considered reversible. This would 
indicated that desorption washes using 0.0 IM  CaCh removed substantial amounts of 
selenium from the concrete \\diich had initially sorbed.
Formulation Selenium 
Concentration (ppb)
m R-
50/0/0 1510 0.062 0.636
784 0.080 0.805
126 0.065 0.734
53 0.081 0.807
26 0.080 0.736
6.5 0.075 0.701
50/0/3 1510 0.057 0.676
784 0.049 0.778
126 0.007 0.010
53 0.046 0.464
26 0.035 0.318
6.5 0.039 0.292
50/0/5 1510 0.067 0.697
784 0.046 0.656
126 0.073 0.773
53 0.048 0.847
26 0.048 0.374
6.5 0.042 0.375
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Figure 3.1. Isotherm determined for the 50/0/0 formulations in the sorption/desorption experiment.
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Figure 3.3. Isotherm determined for 50/0/5 formulations in the sorption/desorption experiment.
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3.4 Surface Area 
Table 3.14 summarizes the results for the BET Multipoint Surface Area Report.
Table 3.14. BET Multipoint Surface Area Report.
Cement Formulation Pre-wash sur&ce area 
. 2 -1,
S )
Post 0.01 M CaCI; cold wash surfece area (m^ g ')
50/0/0 9.86 + 0.01 9.25 + 0.01
50/0/3 18.4+0.01 16.8 + 0.01
50/0/5 17.1 + 0.01 17.1 + 0.01
These results indicate that the surface area o f the cement particles undergo little 
change as a result of the cold washes and centrifugation. The difference between pre-wash 
and post-wash surface areas are less than 10%. Slight reductions in pre-wash and
post-wash surface areas can most likely be attributed to  partial dissolution o f amorphous 
phases.
The addition o f clay increases the surfece area o f  the cement. The surface area of 
Attagel 50® is 150 m  ̂g ' ( moisture free value) and most likely contributes to the higher 
surface area measurements obtained for cement formulations containing clay compared to 
the formulations without clay.
3.5 Conductivity
The following data in Tables 3.15 and 3.16 represent conductivity measurements in 
mSiemens for the 50% water/solid ratios with and without clay for the desorption study 
cold washes.
These values indicate that, in general, there are no major changes in ionic strength 
o f the cold washes (and hence ions present), especially witen comparing formulations
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Formulation Sample 1 
(mS)
Sample 2 
(mS)
Sample 3 
(mSs)
Mean conductivity measurement + 
1(7
50/0/0 7.41 8.20 7.30 8.26 ± 0.74
Cold Wash 1 50/0/3 8.20 8.34 8.31 8.28 ±  0.07
50/0/5 7.30 7.44 8.40 7.71 ±0.60
50/0/0 7.42 7.70 7.56 7.56 + 0.14
Cold Wash 2 50/0/3 4.52 6.77 7.49 6.26+ 1.55
50/0/5 2.91 4.48 3.81 3.73 + 0.79
50/0/0 7.58 3.63 7.60 6.27 + 2.29
Cold Wash 3 50/0/3 7.38 7.50 7.37 7.42 + 0.07
50/0/5 7.63 6.29 5.06 6.33 + 1.29
Table 3.-16. Conductivity measurements for 0.01 M CaClz cold wash samples.
Formulation Sample I Sample 2 Sample 3 Mean conductivity measurement ±
(mS) (mS) (mS) 1er
50/0/0 9.32 9.00 9.60 9.31 + 0.30
Cold Wash 1 50/0/3 9.30 9.34 9.49 9.38 + 0.10
50/0/5 8.45 6.32 9.33 8.03 + 1.55
50/0/0 7.22 6.69 9.12 7.68 + 1.28
Cold Wash 2 50/0/3 7.29 8.95 8.61 8.28 + 0.88
50/0/5 7.49 9.08 6.55 7.71 + 1.28
50/0/0 8.98 9.01 8.74 8.91+0.15
Cold Wash 3 50/0/3 8.49 9.06 8.31 8.62 + 0.39
50/0/5 9.08 8.30 8.16 8.51 + 0.50
within a designated cold wash (mean conductivity measurements). 0.01 M CaClj 
conductivity measurements offer more consistent conductivity measurements than 
deionized water alone.
3.6 Total Silica Determination — Molybdate Method 
versus ICP-AES
Total silica (ppm) determined using colorimetric methods and total silica (ppm) 
determined using ICP-AES were conpared in order to determine whether the silica 
present in the cold wash solutions was reactive silica (dissolved silica) or particles, such as 
colloids. Correlations were made between total sihca determined by each method for both
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deionized water cold washes and 0.01 M CaClz cold washes. Correlation coefficients 
determined for deionized water cold washes and 0.01 M CaCh washes were 0.73 and 
0.91, respective^. This sinply inplies a conparable increase or decrease in ppm sihca by 
both methods, more so for the 0.01 M CaClg cold wash solution. A definite pattern from 
the data obtained demonstrates proportional increases and decreases in ppm detected for 
0.01 M  CaCl; cold wash solutions betweai methods. Therefore, the sflica present is most 
likely reactive sihca and not particulates or coUoidals. The presence o f  coUoids in solution 
would be detected in ICP-AES but not by the colorimetric method. The significance of 
these findings are that centrifugation resulted in complete separation o f cement from 
solution. In addition, it also inphes that the IQ values determined are considered true IQ 
values. I f  colloids existed, sorption by these cohoids would decrease the IQ values 
calculated in this study and imply an increased sorption by the cement.
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CHAPTER 4
DISCUSSION
4.1 Selenium Species 
Selenium was added as selenite (SeOs'^) in the sorption and desorption experiment 
radioactive washes and it was added as sodium selenite (NazSeOg) in the desorption wash. 
However, selenate, Se0 4  \  is the predicated species under these experimental conditions 
(Adriano 1986). MINEQL+ also predicted that selenium should exist as selenate. The pH 
of the solutions in both the sorption and desorption experiments were all approximately 
12, regardless o f the initial pH o f the solutions. No special efforts were made to prevent 
the introduction of oxygen during the experiment.
Selenate sorption in the cement systems would be predicted to be minimal 
However, in all instances, greater than 90% sorption was observed. Selenate ions 
typically adsorb via weakly bonded, outer-sphere sur&ce complexes viiereas selenite 
adsorbs by a strongly bonded inner-sphere surfece complexes (Sposho 1984; Goldberg 
and Glaubig 1988; Zhang and Sparks 1990). Based on the observed irreversible sorption 
o f selenium in this study, a strong bonding mechanism appears to be involved. It has 
been shown that during irrigation o f  agricultural soils, soil pores are filled with water 
instead or air and anaerobic conditions can develop due to slow o>^gen diffusion during 
the washes (Jayaweera and Biggar 1996). Similar conditions may have existed in the 
cement pores, Wiere the pores were filled with water rather than air. The average redox
60
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potential for cement is 80 mV (Angus and Glasser 1985). This correlates to a pe value of 
1.35, which indicates slightfy reducing conditions (Stumm and Morgan 1996). I f  the 
cement formulations used in these studies were reducing, selenite could be the 
thermodynamically stable species.
Corrçared to selenate, selenite is much more immobile, and more likely to become 
irreversibly sorbed. Although selenite typically exists in reduced environments, Goldberg 
and Glaubig (1988) found selenite sorption up to the pH  range o f 13 on Ca- 
montmorillonite clay. Ahhichs and Hossner (1987) found rapid sorption by selenite at pH 
values between 2 and 9 \\diile leaching the columns with 0.01 M CaClz. And, Fuji et a l
(1988) and Alemi et a l (1988) found most of the adsorbed selenium on San Joaquin soils 
was selenite.
Additionally, Zhang and Sparks (1990) in their study o f selenate and selenite 
adsorption and desorption, found no selenate sorption on Goethhe beyond a pH  o f 7.2 
while selenite sorption was observed up to a pH o f  8.3 and then decreased. Sorption was 
observed at a pH approximating 12.
4.2 Selenium Transformation 
Little published information regarding the kinetics o f oxidation and reduction o f 
selenium species exists (Jayaweera and Biggar 1996). Therefore, although selenate is the 
anticipated species, the resuks suggest that no species transformation occurred since the 
observed sorption can be described best by behavior o f  selenite. Literature identified that 
oxidation may be a slower process than reduction (Cary et a l 1967; Ylaranta 1983).
4.3 Selenium Sorption Experiment 
The distribution coefficients calculated for Portland Type V cement formulations
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are considerably higher than those determined for other cement types in other studies. ÎQ 
values determined for the sorption study ranged from 250 L kg'* to 1600 L kg'*, and in the 
desorption study, initial Kd values ranged between 650 L kg'* and 1300 L kg'*
(Q (ng g'*)/C (ng mL'*)). Kd values estimated in the literature for miscellaneous cement 
types range from 4 X 10-^L kg'* to 5 X lO'^L kg'* (Nancarrow et aL 1988; McKinley and 
Scholtis 1993; Bradbury and Sarott 1995). The large discrepancy noted between these Kd 
ranges is unclear. Those Kd values determined for the sorption and sorption/desorption 
study are based on methods as described in Section 2.2. In comparison, the values 
estimated in the literature are based on computer modeling and anticqiated pH and eH 
conditions.
The Kd values determined in the sorption and desorption studies were higher than 
those found by Del Debbio (1991) for selenium on alluvium, interbed sediment, and basalt. 
Overall, Kd values ranged between 0.29 L kg'* and 63 L kg'* on these three materials with 
interbed sediment and alluvium demonstrating higher sorption capabilities.
Additionally, Kd values for selenium in sand, loam, clay, and organic materials are 
150 L k g '\  500 L kg'*, 740 L k g '\  and 1800 L kg'*, respectively. (Sheppard and Thibault 
1990). These Kd values are consistent with the ranges identified in the sorption and 
desorption experiments.
Water/Sohds
In this study, mixes prepared with 55% water demonstrated greater sorption 
capabilities than those prepared with 45% and 50% water. Increasing water content in 
cement mixes tends to result in increased quantities o f  cement material wfrich becomes 
hydrated (Mindess 1981). This would most likely contribute to increased sorption
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capabilities by the cement formulations. As mentioned earlier, calcium silicate hydrates 
have been shown to be the most important sorbing material in cement (Bradbury and 
Sarott 1995).
Silica Fume
Withholding silica fume provided greater sorption capabilities than adding 10% or 
20% silica fume to the cement formulations. Silica fume is known to react with a 
hydration by-product, calcium hydroxide, to form additional, C-S-H, the primary 
cementing agent in hydrating cements (Mindess 1981). Since silica fume generates 
additional hydrated cement material, the expectation would be for sorption to increase as 
sihca fume content increases. A possible explanation for this finding relates to the fact 
that pozzolanic reactions involving sihca fume are typically slower than the formation of 
C-S-H during hydration. The slow rate of pozzolanic reactions can be gauged by the gain 
o f compressive strength in the cement as it cures. Conpressive strength increases beyond 
28 days. Allowing the cement monoliths to cure for 28 days prior to crushing may be an 
insufficient amount of time to ahow m a x im u m  strength development and C-S-H 
formation, and hence, sorption.
Sorption may decrease with sihca fume addition for another reason. Silica may 
conpete with selenium fi?r sorption sites on the cement matrices. Sihcates not used in 
hydration are potentially free to conpete with selenium for residual surfece charges on the 
cement. Sihcates are considered stronger binding anions conpared to selenite (BaHstreiri 
and Chao 1987). Therefore, as the concentration of sihcates increases, selenium sorption 
would hypothetically decrease. As the weaker binding anion, selenium would need to be 
present in a greater total concentration than sflicate, the stronger biding anion.
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Clay
The data suggests that fonnulations containing 0% and 3% clay demonstrated no 
difference in sorption capabilities. However, 5% clay addition significantly reduced 
sorption properties by cement formulations in the sorption experiment. One possible 
explanation for this phenomenon relates to the feet that as the fraction o f clay increases, 
the total amount o f potential^ sorbing materials (e.g. C-S-H) in the hardened mix 
decreases. These comparisons include contributions from altering the pH of the solution, 
as well as including sflica fiune.
Although other studies have demonstrated sorption capabilities by various clays for 
the selenite species (Ylaranta 1983; Goldberg and CHaubig 1988), it appears that the 
Attagel® used in this study did not augment sorption o f the selenium species encountered 
in the sorption experiment. As mentioned previously, clays typically demonstrate affinity 
for the sorption o f  cations, not anions, such as the selenite species.
The sorption data from the sorption/desorption experiment, however, indicated 
that 3% clay and 5% clay addition resulted in higher Kd values. The use of 0.01 M CaClz 
in this experiment may have augmented sorption properties by the cement as a result of 
controlled ionic strength. Two other fectors may have influenced this finding as well.
First, the mean Kd values calculated for this data include contributions from all selenium 
concentrations studied in a particular formulation at a controlled initial p H  hr addition, 
the cement used in the sorption/desorption experiment aged approximately one year 
conpared to the cement used in the sorption experiment.
Water Reducer
Addition o f  a water reducer, such as Rheobuild, may contribute a limited  role in
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increasing sorption o f  selenium. A water reducing admixture decreases the water required 
to gain a workable consistency o f cement paste by causing defloculation. Solid particles 
carry residual charges on their sur&ces. In cement pastes, opposing charges on adjacent 
cement particles can result in electrostatic attractions which cause solid particles to 
flocculate and limits the available water. Adding a water reducer can either neutralize 
these sur&ce charges or cause all surfaces to carry uniform charges. Particles repel each 
other rather than attract, and remain fully dispersed in the paste. This increases the 
amount o f available water which could participate in hydration. Additionally, by affecting 
the surface chemistry o f  the solid particles, sorption capabilities may also be influenced by 
changes in surface-conq>lexation and number o f  sorption sites. 
pH
Cement formulations e?qposed to cold wash formulations and radioactive standard 
solutions initially adjusted to a pH of 5 demonstrated the greatest selenium sorption. 
Solutions adjusted to a pH  of 12 provided greater sorption capabilities than pH 8.7 
adjusted solutions. However, all o f these solutions equilibrated to pH values above 12 
during all washes. C-S-H, the principal hydration product, has been shown to buffer the 
pH o f cement systems to a value around 11.5 (Glasser 1996). This explains the alkaline 
pH values observed after conq)letion of the washes regardless o f  the initial pH
In general, the literature associates decreased sorption o f selenite and selenate with 
increasing pH on a variety of soils (Ahlrichs and Hossner 1987; Bar-Yosef 1987; Neal et 
aL 1987; Elrashidi et a l 1987, 1989). Despite the buffering effect observed by the cement, 
the initial pH  o f the solution may have influenced sorption capabilities. As mentioned 
previously, selenite sorption typically increases at low pH values (Goldberg and Glaubig
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1988; Ahlrichs and Hossner 1987). This would account for the high sorption observed at 
the initial pH o f 5. However, since sorption o f  selenium was greatest at a pH  o f 5 and 
then 12, and not 8.7, a clear pH trend is not apparent.
4.4 Selenium Desorption Experiment 
The sorption/desorption isotherms determined for these studies indicates 
irreversible sorption by the 50% cement formulations. O.OIM CaCk solutions were used 
for the desorption washes to control the ionic strength.. Hingston et aL (1974) found 
irreversible selenite sorption from goethhe and gibbshe.
Altering the ionic strength of a solution may affect the charge distribution on a 
solid’s sur&ce. This, in turn, affects the interaction between adsorbing anions and the 
sur&ce. Chloride ions, for instance, adsorb through outer-sphere surface complexation 
(Sposho 1984). Their addition should have little effect on selenite adsorption since 
selenite adsorbs through inner-sphere conq)lexes (Neal et aL 1987). However, Barrow 
and Whelan (1989) suggest that the concentration o f  background electrolyte solution 
along with changes in pH  affects selenium sorption. They found that selenite and selenate 
sorption decreased with increasing pH  This decrease was greater for selenate than for 
selenite, greater in a sodium system than in a calcium system, and greater with a dilute 
background electrolyte than a more concentrated one.
Data in cement systems is typically e?q)ressed as a Freundhch isotherm (Bradbury 
and Sarott 1995). The Freundhch model was fit to the data in this research with values of 
n approximating 1 when utihzing the sorption data fi'om the sorption/desorption 
e7q)eriment, and values o f  n  approximating -0.03 and -0.01 for the sorption and desorption 
data firom this study. The former indicates linear sorption between varied selenium
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concentrations, while the latter indicates essentially zero desorption. Del Debbio (1991) 
also fitted the Freundhch isotherm to data on alluvium and interbed sediment and found 
non-linear sorption with Freundhch constants o f 0.65 and 0.60. Bar-Yosef and Meek 
(1987) fitted a Langmuir isotherm to data obtained firom selenite and selenate sorption by 
Ca-kaolinite. The Freundhch isotherm is the log-normal distribution o f a Langmuir 
isotherm.
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CHAPTERS
CONCLUSION
5.1 Selenium Species
Based on computer modeling and pHTEh graphs for selenium, selenate is predicted 
to be the thermodynamically stable species. However, due to the irreversibility o f sorption 
and a large body o f literature indicating strong sorption o f  selenite due to stronger 
bonding mechanisms, the behavior o f the selenium species encountered in these 
experiments can best be described by the selenite species.
5.2 Sorption Study
Kd values determined in the sorption study for the cement formulations studied 
were higher than those foimd in the literature for European cements. Cement formulations 
studied included combinations o f  Portland Type V cement, sihca fume, Attapulgite clay, 
and variations with respect to the water/sohds ratio. ’^Se was added as 100 pg mL^ o f 
SeOg^ in 0.1 M  HCl to the radioactive washes. Kd values ranged between 280 L kg * and 
1600 L kg *.
The lowest Kd values were found when the initial pH  o f the radioactive washes 
were adjusted to a pH o f 8.7, contained 45% or 50% water addition, contained silica 
fiune, or included 5% clay addition. Kd values identified in the literature for selenium 
sorption in alluvium, interbed sediment, and basalt ranged firom 0.29 L kg '* to 17 L kg *. 
Kd values identified in the literature for miscellaneous cement types range firom 4 X 10"̂  L
68
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kg * to 5 X 10'^ L kg'* (Nancarrow et aL 1988; McKinley and Schohis 1993; Bradbury and 
Sarott 1995). It is apparent that Kd values found in this sorption study are not consistent 
with other selenium sorption values calculated for various cement types. Experimental Kd 
values determined in the sorption study do, however, approximate Kd values determined 
by Sheppard and Thibault (1990) in sand, loam, clay, and organic materials. These values 
were as follows: 150 L kg'*, 500 L kg'*, 740 L kg'*, and 1800 L kg'*, respectively.
5.3 Desorption Study 
The desorption study demonstrated irreversible sorption of selenium using 
0.01 M  CaClz as a desorption solution. Cement formulations in this study utilized 50% 
water/sohds, Portland Type V cement, and 0%, 3%, and 5% Attapulgite clay. ’^Se was 
added as 100 pg mL * o f  SeOs'^ in 0.1 M HCl to the radioactive washes. Additionally, 
stable NazSeOs was added to vary the total selenium content to the following 
concentrations: 1510 ppb, 784 ppb, 126 ppb, 53 ppb, 26 ppb, and 6.5 ppb. .
Sorption and desorption isotherms were plotted from log Q and log C values for 
selenium concentration in cement and selenium concentration in solution, respectively.
The sorption isotherms fit a Freundhch model with n values approximating 1. IQ values, 
or Q*C *, for the initial sorption wash ranged between 649 L kg'* to 916 L kg'* for 50/0/0 
cement formulations, 921 L kg'* to 1188 L kg'* for 50/0/3 formulations, and 848 L kg'* to 
1286 L kg'* for 50/0/5 formulations. IQ values were higher in those formulations 
containing clay. Compared to the sorption study, the ionic strength of solutions exposed 
to the cement was controUed, utilizing 0.01 M  CaClz rather than deionized water for cold 
washes, and may reflect IQ values calculated in the study. Constants determined for the 
Freundhch desorption isotherms were values o f  n  much less than 1.0 (Table 3.14). This
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finding indicates irreversible desorption for the time periods associated with each 
desorption wash.
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CHAPTER 6
FUTURE WORK
Détermination, of the selenium species present using either hydride generation 
atomic absorption or ion chromatography would eliminate speculation regarding wdiich 
selenium species existed in the sorption and desorption experiments. These methods could 
be used at the onset of the e>q)eriment and superseding the incubation period. 
Determination o f the species encountered is considered imperative since it predicts 
environmental behavior. Equqtment availability and time constraints eliminated this 
possibility for this research. Alternatively, determination o f  Eh along with pH during the 
sorption and desorption experiments would also assist in predicting spéciation using 
predetermined graphs.
Initially, aU selenium added to cold and radioactive washes was in the form o f 
selenite. The radioactive standard was diluted with 100 pg mL * o f SeOs^ in 0.01 M HCl 
and the various selenium concentrations in the desorption experiment were made using 
sodium selenite. Adding selenium in the form of selenate to one batch and selenite to 
another batch would permit comparison, not only of sorption capabilities by the cement 
formulations, but also the kinetics o f each o f these species in cement. A comparison o f 
selenate behavior under these experimental conditions would also clarify the role 
spéciation in sorption and desorption.
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Utilizing techniques such as X-ray absorption fine structure (EXAFS) could be 
used to study seleniuni interactions in aqueous suspensions on the various cement 
formulations. This could provide information regarding the type(s) o f  bonding vshich 
occurs with the cement formulations and oxidation states o f sorbed species.
Varying the time each species bathed in the cement matrices may also provide 
information regarding reaction kinetics and species transformation. For instance, Fujikawa 
and Fukui (1997) monitored selenium sorption over a period o f nine months in different 
rocks and minerals. In their study, a selenite solution was used as a wash. In general, they 
observed a positive correlation between the ratio o f selenate to selenite in solution and the 
amount o f selenium sorbed. The investigators believed that the oxidation reaction of 
selenite to selenate was caused in part by electron transfer in the sur&ce corrçlex formed 
between the sorbent and selenite. This caused selenate to be released into solution. These 
results implied that greater selenite sorption resulted in a larger amount of selenate in 
solution.
The type and amount of background electrolytes in the wash solutions could be 
varied, for instance, by adding phosphate or sulfate to study conq)etition between either 
selenate or selenite for sorption sites.
Additionally, one could alter the amount of sorbing sur&ce present and compare 
selenate and selenite sorption on 1 g or 3 g o f cement, for example. Neal and Sposho
(1989) regarded the inq)ortance o f having a sufficient concentration o f  adsorbing surface 
for nonspecifically adsorbing species such as selenate.
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